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Abstract 
In the past two decades, studies of catechol dioxygenases have received much 
attention due to their unique oxidative cleavage properties on the aromatic catechol 
substrate. Metal-catecholate complexes which exhibited similar structural and/or 
oxidative cleavage properties towards the bound catechol ligands are considered as 
model complexes for the enzymes. Studies of these model complexes have provided 
many important insights to the enzymatic mechanisms. The present research work 
has been focused on the studies of several metal-catecholate complexes supported by 
tripodal tridentate ligands. 
Chapter I gives a general introduction to model studies of catechol 
dioxygenases. The distinctive oxidative reactivity of both the enzymes and model 
complexes were summarized. 
Chapter II describes the synthesis and characterization of a series of 
iron(III)-catecholate complexes supported by the anionic, tripodal tridentate 
hydrotris-3,5-dimethylpyrazolylborate (Tpz'^ ® )^ ligand. The reactivity of the 
iron(III)-catecholate complexes towards dioxygen was also investigated. 
Chapter III describes the synthesis and characterization of a series of 
iron(II)/(III)-catecholate complexes supported by the neutral, tripodal tridentate 
hydrotris-3,5-dimethylpyrazolylmethane (Tpm^^^) ligand. Their reactivity towards 
i 
dioxygen was also studied and compared with that of their Tpz'^^^-containing 
analogues. 
Chapter IV describes the synthesis and characterization of a series of 
manganese/cobalt-catecholate complexes supported by the tripodal tridentate 
hydrotris-3,5 -dimethylpyrazolylborate (Tpz^^^) ligand. Their reactivity towards 
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Chapter I. Model Studies for Catechol Dioxygenases 
LI General Background 
Catechol dioxygenases belong to a unique class of mononuclear non-heme 
enzymes found in some soil bacteria. This family of dioxygenase enzyme catalyzes 
the degradation of catechol to nonaromatic compounds, which can then be used as a 
carbon source for cell growth. They catalyze the oxidative cleavage of catechol 
through the insertion of a dioxygen molecule into an aromatic double bond in the 
absence of other co-factors. This interesting enzyme group has drawn considerable 
attention since its first discovery by Hayaishi in 1960's.^ 
The enzymes can be divided into two sub-families regarding the cleavage 
positions on the substrate: the iron(in)-containing mrraJzoZ-cleaving dioxygenases 
and the iron(II)-containing extradiol-oXtdcw'mg dioxygenases.^ 
(b) /nfradioAcleaving dioxygenase f^ ^^ COOH 
Fe^ 'A S^COOH 
m u c o n i c a c i d 
I 
(b) exfrad/oAcleaving 
dioxygenase f| 丫 
muconic semi-sldehyde 
Scheme 1.1 Schematic view of mrrai/ioZ-cleaving versus esr/raJ/oZ-cleaving reaction. 
The intradiol-c\Q2iWmg dioxygenases cleave the carbon-carbon bond between the 
two hydroxyl groups (path a in Scheme I.l), while the ex/raJzoZ-cleaving 
1 • 
(path b in Scheme LI). Although these two families of enzymes act on the same 
substrate, few examples of intradiol-cleay'mg dioxygenase showing extradiol-cleav'mg 
ability have been reported.^ The near exclusivity for the cleavage products 
suggested that these enzymes may undergo two different reaction pathways. Aerial 
oxidation of catechol is well known, but selective oxidative cleavage of this aromatic 
compound is unprecedented in organic chemistry. Hence the chemistry governing 
the choice of cleavage pathways has attracted much attention. 
1.2 Intradiol-Cleay'mg Catechol Dioxygenases 
Although intradiol-clQSivmg dioxygenases cleave a more limited set of 
substituted catechols than its extradiol-cltaving counterparts, early studies were 
focused on the former sub-class due to the rich spectroscopic properties of the iron(III) 
center, for example UV-Vis,"^^ EPR/^ and Raman spectroscopic"^^ studies. Within the 
sub-class of intradiol-deav'mg enzymes, protocatechuate 3,4-dioxygenase (3,4-PCD) 
isolated from the soil bacterium Pseudomonas putida have been extensively studied. 
The structure of the enzyme was determined by X-ray crystallography in 1988 by 
Ohlendorf et (Scheme 1.2). 
2 
々 ^ 
Scheme 1.2 Schematic views of the active sites in 3,4-PCD in the resting form and in the 
enzyme-substrate complex. 
The iron(III) center is co-ordinated in a trigonal bipyramidal fashion by the 
imidazole side-chains of His-460 and His-462, the phenolic side-chains of the Tyr-408 
and Tyr-447, and one hydroxide/water molecule. The distinctive burgundy colour 
460 run) should be originated from the intense tyrosme-iron(III) charge 
transfer.4a structures of 3,4-PCD isolated from Pseudomonas aeruginosa and 
Acinetobacter sp. ADPl,5b’c ^ ^ that of catechol 1,2-dioxygenase (1,2-CTD)，from 
Acinetohacter sp. ADPl have also been solved.^d The iron(III) center of all these 
enzymes shows very similar co-ordination environment. 
Besides, the structures of several enzyme-substrate c o m p l e x e s , a n d also 
complexes with inhibitors'^ have also been solved. The structures of the 
enzyme-substrate complexes show that the di-anionic catecholate is bound to the iron 
center, replacing Tyr-447 and the hydroxide group. The enzymatic mechanism of 
the intradiol-QX^diVmg catechol dioxygenases was then proposed based on 
crystallographic and spectroscopic data (Scheme 1.3):^ 
3 
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Scheme 1.3 Proposed reaction mechanism for intradiol-c\t2iV\ng catechol dioxygenases 
The reaction starts with the binding of the catechol substrate to the metal center 
in (i) followed by the displacement of Tyr447 and the hydroxide molecule. An 
trigonal bipyramidal iron(III)-catecholate complex (ii) is then formed. The 
covalency of the iron-catecholate interaction introduces semiquinonate radical 
character to the substrate (iii) which may have subsequent interaction with dioxygen 
molecule. This substrate activation reaction then generates a transient 
alkyperoxoiron(III) intermediate (iv), which further undergoes a Criegee 
rearrangement^ to yield muconic anhydride (v) as the major product. The anhydride 
then undergoes hydrolysis to yield the corresponding muconic acid (vi). 
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1.3 Extradiol'CXe^aVmg Catechol Dioxygenases 
In contrast to the intj'adiol-deaving subclass, studies on extj'adioI-dQav'mg 
dioxygenases have received relatively less attention mainly due to the facile oxidation 
of the iron(II) center. The high-spin iron(II) center limited the use of many 
spectroscopic techniques in its characterization. It was till 1995 that the structure of 
the 2,3-dihydroxybiphenyl 1,2-dioxygenase (BphC) isolated from Pseudomonas 
LB400 was solved by X-ray crystallography (Scheme 1.4)7^ 
/ H«»« ^ / His',� ^ 
HN 飞 .,,��0H2 HNI 入 N•_."..^Pe^ ^ 人 N"•“...•.Fe�.."… 
�� W \ 。 七 
\ Gkj 拍 \ Glu 描 
Scheme 1.4 Schematic views of the active site in Bphc in its resting form and in the 
enzyme-substrate complex. 
The iron(II) center is buried in a funnel shaped cavity, being ligated by three 
amino acid side-chains: the imidazole side-chains of two histidines, His-146 and 
His-210, and the carboxylate side-chain of glutamate, Glu-260. Two water 
molecules completed a square pyramidal geometry around the metal center. The 
X-ray structures of other extradiol-c\eaving dioxygenases were also reported, 
including catechol 2,3-dioxygenase (2,3-CTD) from Pseudomonas putida mt-2-J^ 
5 
protocatechuate 4,5-dioxygenase (4,5-PCD) from Sphingomonas paucimihilis 
SYK-6.7e The active site structures of all these enzymes are similar with the iron(II) 
center being bound by two histidines and one carboxylate group. Such 
2-His-1 -Carboxylate facial triad constituting one face of an octahedron are commonly 
found in other non-heme iron(II) enzymes, for example, the Rieske dioxygenases for 
arene c/«y-dihydroxylation产 the 1 -amino-cyclopropane-1 -carboxylate oxidase (ACCO) 
8b 
for ethylene formation in plant, the a-ketoglutarate dependent diocygenase for 
hydroxylation产 and isopenicillin N synthase for the synthesis of isopenicillin N ， 
The structures of the enzyme-substrate complex for the extradiol-oXtdcwmg enzymes 
have also been reported for the BphC from Pseudomonas KKS102 and 4,5-PCD, with 
、 
the metal center in the latter being oxidized to iron(III).7d’e 
Due to the spectroscopic limitations of the iron(II) ion, Mossbauer 
spectroscopy becomes an important tool for the studies of the extradiol-cleaving 
dioxygenases.^^ In the last ten years, more sophisticated spectroscopic techniques 
which included proton NMR，9b circular dichroism (CD) and magnetic circular 
dichroism (MCD) '^^  have been applied to the studies of the extradiol-cleaving 
enzymes. However, the enzymatic mechanism, especially the process after the 
binding of dioxygen to the metal center, still remained unclear. Based on the 
information gathered, a mechanism have been proposed by Que and co-workers: ^ 
6 
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Scheme 1.5 Proposed reaction mechanism for the extradiol-c\tz.\\r\g catechol dioxygenases. 
The enzymatic reaction starts with the displacement of the two water molecules 
by a substrate molecule (i). The binding of the monoanionic substrate acts as the 
trigger for the reaction, forming an enzyme-substrate complex (ii). This facilitates 
the binding of dioxygen probably due to a lowering of the Fe(III)/Fe(II) redox 
potential. A ternary enzyme-substrate-Oz complex (iii) is then formed, followed by 
an one-electron transfer from the bound dioxygen to the metal center. Another 
electron is then transferred from the substrate to the iron(III) superoxide complex, 
forming a semiquinonato-iron(II)-superoxide species (iv). The semiquinonate 
moiety increases the ease of nucleophilic attack on the carbon atom adjacent to the 
enediol unit of the substrate. An alkylperoxo complex (v) is generated which 
undergoes Criegee rearrangement to produce a seven membered 2,3-dioxolactone (vi). 
Hydrolysis of the co-ordinated lactone affords the a-hydroxymuconic semialdehyde 
7 
(vii) as the major product. 
1.4 Selectivity of Intra- versus Extradiol-C\t2L\ivLg Pathways 
The above mechanism still could not explain the exclusivity of the two reaction 
pathways. Both mechanisms involved an alkylperoxo intermediate: 
Extradiol cleavage: Intradiol cleavage: 
His His46o ^ " ' o V ^ 




S c h e m e 1.6 Cyclohexadienyl hydroperoxide intermediates found in both cleavage mechanisms. 
The difference of the early dioxygen binding steps in the two cleaving pathways 
would eventually lead to the formation of a similar peroxo species according to the 
proposed mechanisms. The determining factor for the choice for cleavage pathways 
remains to be a mystery. The metal oxidation state seems not the most determining 
factor for the specificity as suggested in a recent reported on a mutant enzyme H200F 
originated from the HPCD.'° The mutant enzyme consists with an iron(II) center 
with a two histidine and one carboxylate motif and is capable to cleave the specific 
substrates in both extradiol or intradiol-oXtdMmg fashions. A number of iron(III) 
catecholate model complexes mentioned also implied the metal oxidation state should 
not be the crucial factor. 
Bugg et al. have proposed that the difference should be on the orientation of the 
8 
peroxo intermediate species involved. They proposed an axial proximal 
hydroperoxide for the extradiol-c\t?i\'mg mechanism versus the equatorial 
hydroperoxide for the intradiol-c\t3.Vmg mechanism."^' 
acyl migration for intradiol cleaving mechanism 
HO 丁 y r “ 7 
0 一 O. O丁 P 。丁一 
k X � , Fe^ oTyr舰 , ^ c y l migration 
'^HiS462 '^HiS4S2 Nuis 站 2 
alkenyl migration for extradiol cleaving mechanism 
B H � z O “ [ � � � H / C V � � 
I - His 0 g^B^J -^Participatic. H. - ^ / ； ^ 一 、 ^ ^ 
GhjO GhjO L 
Scheme 1.7 The mechanistic divergence via alkenyl or acyl migration to give intra- or 
extradiol-cha\age reactions. 
In the extradiol-clQay'mg mechanism, the two-histidine and one-glutamate 
tridentate motif provided an axial position for the binding of the dioxygen molecule, 
hence forming a hydroperoxide which is pseudo-axial. The peroxo group is aligned 
for an alkenyl migration via most probably a 7c-participation, resulting in the 
formation a lactone in the extj'adiol-clQSv'mg mechanism. For the 
intradiol-deaving mechanism, Bugg et al. have proposed that T3T-447 would 
re-ligated to the iron center, forming a two-histidine and two-tyrosine tetradentate 
motif. Hence only a pseudo-equatorial intermediate could be formed, which then 
undergoes an acyl migration^^^ to form the anhydride in the "？？rac?/o/-cleaving 
9 
mechanism. 
The most intrusive argument of the above hypothesis is the re-ligation of Tyr-447, 
which have been proved to dissociate in the early substrate binding stage?� 
However, no direct evidence on the study of the native enzyme has been obtained to 
support the above hypothesis. The assumption is actually based on the results of a 
number of biomimetic models that will be discussed in the following section. 
1.5 Early Studies on Model Complexes for Catechol Dioxygenases 
Model complexes are simple inorganic compounds that mimic the structure, 
function, or spectroscopic characteristics of the native enzymes. Biommetic studies 
on catechol dioxygenases have attracted much attention in the past decades. In the 
early 80,s Funabiki and co-worker have reported a series of studies that focused on 
oxygenation reaction of iron(III)/(II) chloride, in the presence of pyridine and/or 
bipyridine in 丁HRi2‘b’c reaction was monitored with UV-Vis spectroscopy and 
a diversity of products were identified from the reaction mixture, including both 
intradiol and extradiol-Q\Qd.Vmg products: 
1 0 
Bu( ^ o f / ? B u ' 
i k o Y o Y ^ 丄 
B u ' ^ ^ H D ^ B u ' 
Bu' Bu' Bu' n t /? 
A 。 H FeC.3/ 0 / C H ^ B u 力 
Bu'^^OH THF B i i f l o OH^Bu' 
Scheme 1.8 Oxidation products of 3，5-di-fe,'/-butylcatechol (dbcH:) in Funabiki's model studies 
The major product identified was 3,5-di-re7Y-benzoqumone (dbq) which came 
from the simple two-electron oxidation of 3,5-di-rerr-butylcatechol (dbcHi). 
However the complexity of the product mixture and the relevant intermediate species 
present in the solutions were not reported. Until 1982, Que et al. reported the crystal 
structures of iron(III)-catecholate complexes supported by the tetradentate, 
N,N'-(l,2-phenylene)bis-(salicylidemminato) (saloph) and N ’N，-ethyl enebis 
-(salicylidenininato) (salen) ligands:^^^^ 
� Q 
saleni3a’t) saloph^ ^^  bpma^ c^ 
\ / “ \ / \ / \ / � /=N \ / -N N-x ^ ^ N 
" ^ ^ H 必 O O 
\ / b i s p i c M e z e n , R = H 1加 t r ispicMeen i3d 
mese-salen^ e^ bispicClzMezen, R = CI 
Scheme 1.9 Tetradentate ligands used in early model studies of catechol dioxygenases. 
1 1 
However, the reported square pyramidal iron(III)-catecholate complexes shown 
no reactivity towards dioxygen in THR Girerd and co-workers used a modified 
sal en type ligand, N,N'-bis(4-methyl-6-tert-butyl-2-methyl-phenolato) 
-N,N'bismethyl-1,2-diaminoethane) ( b p m a ) / � � a n d prepared the corresponding 
iron(III)-semiquinoate complex which is also air stable. Fuji et al. have reported a 
trigonal-bipyramidal ferric aqua complex supported by a sterically hindered salen 
ligand, bis-(3,5-dimesityl-salicyliene)-l,2-dimesitylethlenediamine (mes6-salen), 
which served as the best structural and spectroscopic model for 3,4-PCD.^^® 
However, relevance to the oxidative cleavage reactions has not been reported. 
Interestingly, by changing the phenolate group to a N-donor group on the salen type 
ligands, Girerd and co-workers have prepared a series iron(III)-catecholate complexes 
supported by aminopyridine ligands. The latter model complexes showed 
intradiol-dtdiVmg property towards dioxygen. i^ d The octahedral geometry of the 
catehcolate complexes supported by the aminopyridine ligand shown a contrasting 
difference to the square pyramidal geometry salen type complexes. 
Based on the preliminary studies of Weller and Weser,^ "^ ® Que and co-workers 
have made a systematic model studies of inti'adiol-c\t?i\mg dioxygenases using a 
series of tripodal tetradentate ligands: 
1 2 
coo- O O ？ 
� 八 coo- ^N 八 coo-
-OOC^ .ooc^ -ooc^ N 一 T Y T 
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Scheme 1.10 Tripodal tetradentate ligands used by Que et al. 
Detail studies on iron(III)-catecholate complexes supported by the above ligands 
have been carried out. The rate of the oxidative cleavage reaction was found to be 
enhanced with an increasing Lewis acidity of the metal center, in the order of 
Fe(TPA)(dbc) >Fe(BPG)(dbc)>Fe(PDA)(dbc)>Fe(NTA)(dbc), as evidenced by a red 
shift of the LMCT bands of the c o m p l e x e s . T h e [Fe(TPA)(dbc)]^ complex 
remains to be one of the most reactive model complex for catechol dioxygenases. 
It was proposed that the enhanced Lewis acidity would increase the covalency of 
the iron(III)-catecholate interaction, resulting in an increase in the semiquinonate 
character of the catecholate ligands. The enhanced semiquinonate character renders 
the catecholate moiety more susceptible to attack by O2, hence a higher reaction rate. 
Since then, a variety of model complexes supported by similar tripodal 
1 3 
tetradentate ligands have been prepared. Krebs et al. have reported a few model 
complexes containing imidazolyl p e n d a n t s ！，仇。^^ ^ j th lengthened tripodal ligand 
p e n d a n t s . i5d，e Palaniandavar et al. have studied those model complexes containing 
phenolate or amine pendant�你h 
Kreb and co-workers: 
0 Q Q 
T / T / T T 
N J n J ^ n ^ wJI ^ t v ^ N ^ N ^ . N ^ N I � 
U U U U ^ ^ H 
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9 o , o 9 
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Palaniandavar and co-workers: ^——^ 
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Ref 15h Ref 15h Ref15h 
Scheme 1.11 Tripodal tetradentate ligands used for model studies of intradioZ-cleaving dioxygenase. 
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The influence of various substituents on the catechol ring has also been 
studied. I )c’e'f Results suggested that the reactivity of those catecholate complexes 
was also enhanced with increasing electron-donating properties of the catechol ring. 
f 
An iron(III) catecholate complex in which, the catecholate ligand is an 
electron-withdrawing chloro-catechol has been reported by Funabiki nd co-workers. 
The macrocyclic ligand 7V^^-dimethyl-2,11 -diaza[3.3](2,6)pyridinophane 
(L-N4Me2) (Scheme 1.12) used by Kriiger and co-workers yielded another series of 
functional models for intmdiol-Q\Q2c^mg dioxygenases: 
P i r ^ 
r ^ N ^ N N N N 
R—N N—R I I 
( M ) \ / \ / 
^ ^ ^ N N N N 
U U 
L-N4Me2. R = Me2 cyclam SS-CTH 
L-N4H2, R = H 他 
Scheme 1.12 Macrocyclic tetradentate ligands used in model studies 
for intradiol-d&SL-v'mg dioxygenases. 
This model system showed enhanced reactivity towards dioxygen and 1 % of iron 
catalyst was able to convert dbcH� into 54% of muconic anhydride in the presence of 
a base. Girerd and co-workers have modified the L-N4Me2 ligand by removing the 
methyl groups, ^ ^^  the rate of reaction was doubled and both intra- and 
extJ'adiol-chaVmg products were identified. However， iron(III)-cateholate 
complexes reported by Dei et al., which were also supported by macrocyclic ligands, 
showed no reactivity towards dioxygen. 
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It is noteworthy that although some phenolate containing iron(III)-catecholate 
complexes showed intradiol-cXtdisnng properties, the reaction rate was considerably 
slow and only benzoquinone was obtained as the main product. These may be 
attributed to a lower Lewis acidity of the metal ion in such phenolate complexes, 
when comparing with complexes containing Tc-acceptor nitrogen ligands. 
1.6 Spin Crossover Studies of Model Complexes 
Using the L-N4Me2 ligand, Kriiger and co-worker have prepared a low-spin 
iron(III)-semiquinoate complex, i?® However, the latter complex shown no reactivity 
towards dioxygen as compared to its high spin iron(III)-catecholate complexes 
supported with the same l i g a n d . L a t e r , Girerd and co-workers have studied the 
spin-crossover transition of [Fe"^(TPA)(cat)](BPh4) (cat = to pyrocatechol)/^^ which 
is a structural analogue of the [Fe"\TPA)(dbc)](BPh4) reported by Que and 
co-worker. Interestingly, magnetic susceptibility studies of the 
[Fe"'(TPA)(cat)] (BPh4) showed a two step spin-crossover process between S=l/2 (low 
spin) and S=5/2 (high spin) at low temperature.'^^ On the other hand 
[Fe出(TPA)(dbc)](BPh4) shown a smooth spin-crossover process upon temperature 
changed. These results suggested that the catecholate ligand played as important 
role on the spin-crossover transition. More interestingly, different redox isomers 
1 6 
have been prepared for metal dioxolene complexes (Scheme 1.13). 
/。>/% 
Mn+2 I M广：) M" 
M-catecholate M-semiquinonate M-quinone 
Scheme 1.13 Metal complexes with electroactive dioxolene ligands: 
catecholate (cat'"), semiquinonate (SQ") and quinone (Q) ligands 
Reversible intramolecular electron transfers between the metal ion and the 
1 R 
redox-active dioxolene, which termed valence tautomerism, were observed when the 
metal (^-orbitals and the 7i-molecular orbitals of the dioxolene are of comparable 
energies. It was proposed that a transformation of cateholate to semiquinone occurs 
in both intra- and extradiol-c\eaving pathways.^ Hence, the correlation between spin 
state crossover, and the importance of the iron(II)-SQ species to the reactivity towards 
dioxygen have attracted much research interest. 
Girerd and co-workers have made a more intensive study on the 
[Fem(TPA)(cat)](BPh4) complex using various spectroscopic and computational 
methods. They suggested the presence of an admixture of iron(III)-catecholate and 
iron(II)-semiquinoate species for the latter complex J An implication to the 
spin-crossover process was revealed by using cateholate ligands with various 
siibstituents.i7d 
Funabiki and co-workers have performed a similar study and proposed a linear 
correlation between In(koxidation) and the lower energy LMCT band by comparing the 
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reactivity of those catecholate complexes towards, dioxygen. ‘ 
Girerd and co-workers: 
OMe CI 
H o A ^ H O - ^ H C A ^ HO^^^NOS H c A f ^ c i 
CI 
Fnuabiki and co-workers: 
Bu' Bu' Me Me 
H o ^ H o ^ H o y ^ H o y . 
Bu' Me 
CI 
H O " ^ H C T ^ HO--^ H O ^ ^ ^ H C T ^ 
S c h e m e 1.14 Catecholate ligands used by Girerd et al. and Funabiki et al. in the reactivity 
studies of the [Fe"i(TPA)(R-cat)]+ complexes towards dioxygen. 
The spin-crossover transition was also studied by the introduction of different 
substituents on the TPA ligand in iron(III)-4-chlorocateholate complexes: 
Cr 1. R = R'= MeO 
N 
2. R = R' = H 
n J N ^ 4. R = NO2. R' = H 
I J X 5. R = R- = NO2 
S c h e m e 1.15 Modified TPA ligands used by Funabiki's et al. in the reactivity studies of the 
[Fe3+(R-TPA)(4-a-cat)]+ complex towards dioxygen. 
The presence of two nitro groups on the TPA ligand (5) resulted in a significant 
l®w spin character for the corresponding catecholate complexes. This suggests that 
increasing electron-withdrawing properties on the supporting ligand would shift the 
spin equilibrium from a high-spin to a low-spin state. Iron(II)-SQ species was also 
found in a greater extent at low-spin state, but an increase in the low-spin character 
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might lower the reactivity of the corresponding complexes towards dioxygen. 
1.7 Model Complexes for the £'x/rflrf/o/-Cleaving Dioxygenases 
As mentioned in section 1.5, both intra- and extradiol-ditdiVmg products were 
identified by Fimabiki and co-workers in their first model studies. Since then, 
the direction of the model studies has been devoted to the use of tetradentate ligands 
to study the intradiol-oX^diVmg properties. In contrast, reports on model complexes 
for extradiol-c\eaving dioxygenases are relatively rare. 
Que and co-workers have prepared an iron(II) complex containing the 
6-Me3-TPA ligand, 19a in which the catecholate ligand bound to the metal center in an 
asymmetric mode. However, mainly intradiol-cXtdiVdigQ, products were identified 
upon oxygenation. Only a minor portion 12%) of extradiol-Q\Q?L\'mg products 
were identified l a t e r , w h i c h was suggested to be caused by the dissociation of one 
of the pyridyl arms of the 6-Me3-TPA ligand upon oxidation. 
Meanwhile, Dei et al. have prepared a series of iron(III)-catecholate complexes 
supported by several macrocyclic ligands.��^ As mentioned in section 1.5, the 
complexes with tetradentate ligands showed no reactivity towards dioxygen. In 
contrast, complexes containing the macrocyclic, tridentate 1,4,7-triazacyclononane 
(TACN) ligand gave >35% of extradiol-d^dcvmg products in DMF. 
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H � N 飞 H � 门 , e H O ' H H ^ n � H 、 口 
V n ^ k ^ N v ^ V - 0 ^ V N - V N 
A “ A 1 
TACN20a-f Me3-TACN20c UsnB-U^^^^ Bane-NzO py-Wlez-TACN O^e 
乂 N ^ N OH 
TPY20C BnBPA^ Oc BBA ref^ Oh 
Scheme II. 16 Tridentate ligands used in model studies of extj-adioZ-cleaving dioxygenases. 
Result of these studies provided insights to the modeling of the 
extradioZ-cleaving dioxygenases using similar macrocyclic tridentate ligands. Que 
and co-workers have studied the reaction 
of the [Fe"^(TACN)(dbc)Cl] complex with 
one equivalent of silver tetrafluoroborate in excess pyridine. The yield of 
extradiol-cXQ^Vmg products was found to be increased q u a n t i t a t i v e l y . T h e yield of 
extradiol-oXtdiVmg products could be increased up to 97% in the absence of pyridine if 
. l，4,7-trimethyl-l,4，7-triazacyclononsne (Mes-TACN) was used as the supporting 
ligand.20e Que and co-worker have also studied the planar tridentate 
2,2':6',2"-terpyridine (TPY) ligand and the relationship between coordination 
geometry and reactivity of the corresponding catecholate complexes was investigated: 
2 0 
) n / . 、、oV==^ AgOTf 〉 n / . . . O - ^ S + … ， . 
C l ^ ' ^ - o X ^ B u ' " " ^ C f ^ ' ^ ^ o X A B u ^ ^ ex 咖 ,丨 eaving 
/ C I z 0 - 0 -
o 
\ o / O'V-；?^^ , auto-oxidation 
C > . . . . F e " � � � A AgOTf 
Scheme 1.17 Reaction pathways and co-ordination environment around the metal center. 
Que and co-worker have proposed that only/ac-tridentate geometry favoured the 
extradiol-cXtdiVmg reaction, due to the orientation of dioxygen binding and the 
subsequent attack on the substrate by the peroxo-moiety. In contrast, the 
mer-tridentate geometry of the TPY ligand only led to mrra^/zoZ-cleavage or the 
auto-oxidation product qu inone .��� 
Bugg and co-workers have compared the reactivity of a series of model systems 
consisting of TACN type ligands, pyridine, dianionic catecholate/monoanionic 
catecholate and iron(II)/iron(III) chloride.^ '^''® Although no structure of the reactive 
species was reported, their results suggested that there was a strong preference for 
exti'adiol-c\eavage was observed when: (1) iron(II) instead of iron(III); (2) in the 
presence of pyridine; (3) monoanionic catecholate instead of dianionic catecholate. 
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Modified TACN ligands, including Uane-Ns, 9ane-N20 and py-Me2-TACN (Scheme 
11.16), showed low or even no reactivity towards dioxygen. Funabiki and 
co-workers have studied the oxygenation intermediate arising from the 
[Fe 川(Me3TACN)(dbc)]+ complex at low temperature using spectroscopic 
techniqiies.20f A green intermediate, probably an iron-peroxo species, was proposed 
as an intermediate of the oxygenation reaction. 
Other model complexes supported by tri dentate ligands also shown 
exrrflJzo/-cleaving properties, but they have received relatively less attention.^^ 
Moro-oka et al. have reported iron-catecholate complexes supported by the 
t r i s (pyrazo ly l )bora te (Tpz^ ) l igands .^ ' ' T h e [Fe"(Tpz^' ' '®" ')(dbcH)] c o m p l e x w a s 
oxidized to with the geometry of the iron center changed from 
tetrahedral to square pyramidal. However the [Fe"^(Tpz^'''®"')(dbc)] complex 
showed no cleavage reactivity towards dioxygen. In contrast, the octahedral 
[Fem(TpzPr'2)(dbc)(MeCN)] shown cleavage properties upon oxygenation, giving 
extradiol-dt2ivmg products in 67% yield. 
2 2 
p V V b u ' 
02 , . . .eac t ion 
p v y p " A ^ O 
\ . � S ^ P 入 . ‘ , 、 0 > ^ O2 ^ Bu 
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V N , MeCN 广 飞 
Scheme 1.18 Moro-oka models showing contrasting cleavage ability upon oxygenation. 
Results of their work suggested that the structural environment around the iron 
center, including the geometries of the metal ion and bulkiness of the supporting 
ligands, directly affected the reactivity of the corresponding complexes towards 
dioxygen. 
1.8 Objectives of this Work 
In contrast to model studies for the inrradioZ-cleaving dioxygenases, mimictic 
studies for the exr/'adioZ-cleaving dioxygenases have received less atention. The 
main objective of this research project is to synthesize iron(III) complexes containing 
tripodal tridentate ligands as functional models for extradioZ-cleaving dioxygenases. 
Effects of various subsitiuents on the catecholate ring and possible factors that affect 
the oxygenation reaction were investigated. 
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Chapter II. Synthesis and Reactivity Studies of Model Complexes of Catechol 
Dioxygenases Supported by the anionic Hydrotris-3,5-dimethylpyrazolylborate 
Ligand 
II. 1 Introduction 
A number of iron(III)-catecholate complexes have been reported as structural or 
functional model for the catechol dioxygenases in the past two d e c a d e s � M o s t of 
the model complexes were supported by tetradentate ligands, and were reported close 
mimic to the intradioI-cleaVmg dioxygenases.^ Recently, iron-catecholate 
complexes supported by tridentate ligands have drawn much attention.^ The latter 
complexes showed extradiol-cltSLvage properties. The TACN-iron(III)-cateholate 
model system, where TACN denotes 1,4,7-triazacyclononane, has attracted much 
attention in the past few years. Important insights to the proposed enzymatic 
mechanism have been obtained based on their studies.^^^''^ Another model system 
reported by Moro-oka et al. involved the use of the tridentate Tpz^ ligands, where Tpz 
denotes hydrotrispyrazolylborate ligands with different R-group on the 3- and 5-
position of the pyrazolyl rings. The latter complexes showed both intradiol- and 
exti'adiol-c\tdiwmg properties. 
Tridentate Tpz^ ligands have been well studied in co-ordination chemistry.^ 
The ability of these ligands to grab the top half of the metal but leaving the remaining 
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half for reaction, have been used in various studies including syntheses of catalysts, 
metal extraction, enzymatic modeling, etc.4 The ease of controlling the properties of 
the metal complexes by introduction of various substituents on the pyrazolyl rings, has 
attracted the attentions of many inorganic and bio-inorganic chemists. One major 
drawback of the Tpz^ ligands is the formation of kinetically inert, ferrocene-like 
full-sandwich complexes [(Tp^)2M]. Moro-oka et al. have employed two sterically 
hindered Tpz^ ligands (R = Bu', Pr' and Pr'2) to overcome the above problem in their 
studies.se jj^g less hindered Tpz^ ""'^  analogue shown catechol dioxygenase activities 
while the more hindered Tpz®"''^ *^ ' derivative was inert towards dioxygen. Hence a 
minor change in the R-substituent resulted in a drastic change in the reactivity of the 
complexes towards dioxygen. 
In this chapter, we studied the reactivity of iron(III)-catehoclate complexes 
supported by the less bulky Tpz^'^ ligand. A series of Tpz^^^-iron(III)-catecholate 
complexes were prepared and structurally characterized. Their reactivity towards 
dioxygen was also studied. 
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II.2 Results and Discussion 
II.2.1 Synthesis of Iron(III) Catecholate Complexes 
A series of iron(III) catecholate complexes were synthesized as structural and 
functional models for catechol dioxygenase. The sodium salt of 
hydrotris-(3,5-dimethyl-pyrazolyl)borate (NaTp^^-) was prepared according to 
literature procedure and obtained as a white solid.4&d Complex 1 was synthesized 
according to the procedure reported for the less hindered Tp^ half-sandwich iron(III) 
complexes with modification.^ The yields of the reported anionic 
chloride or nitrite complexes were low (19-30%).^^^ The major impurity was the 
full-sandwich Fe(Tpz^)2, which was described in the synthesis of first row late 
transition metal complexes with less hindered Tpz^ (R= H2 or Me�)]® In our study, 
HpzMe2 was added to a solution of iron(III) chloride in methanol, which prevented the 
formation of the inert full-sandwich complex. Then NaTpz^^^ was added slowly at 
low temperature to yield 1 (Scheme II. 1 •). 
v v 
1) MeOH, 1/2hr ..,',''。1 
[Fe"l(TpzMe2)(HpzMe2)cy ⑴ 
60% 
Scheme II. 1 Preparation of (1) 
Deep red block-like crystals of 1 were obtained from MeCN/THF (v/v = 1/5). 
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Due to a better solubility of the full-sandwiched impurity in THF, 1 could be purified 
and isolated selectively under ambient conditions. 
Iron(III)-catecholate complexes 2-5 were prepared by treatment of 1 with the 
appropriate deprotonated catechols (Scheme IL2). The electronic properties of the 
catecholate ligands can be tuned by the incorporation of different R substituents on 
the catecholate ring. They varied from the most electron-donating dbcH: 
(3,5-di-rerr-butyl-catehcol), that consists of two 仗"-butyl groups, then the plain catH� 
(pyrocatechol), followed by 4-Cl-catH2 (4-chlorocatechol) and tccH� 
(tetrachlorocatechol) which contains electron-withdrawing chloride substituents. It 
is believed that the incorporation of substituents with different electronic properties 
may have a substantial influence on the structure and reactivity of the corresponding 
complexes. 
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i / V S 
” H 
R 
H�"TrS"R [Fei"(Tpz，(Hp产2)(dbc)] (2) 
HO^V^R 55�/� 
r.t. 1/2h � N - N , � � “ ^ ^ 
MeOH, 0°C,4hrs [Fe'"(Tpz"'^ )(MeOH)(cat)] (3) 
\ \ 令 1 T 40% � N _ Z \ CI K^O'-V^R 
Z \ 
丨Fe_"(Tpz，_’U (1) 
J^ '^ j^ MeOH 
[Fe"'CTpz"'^(MeOH)(4-CI-cat)] (4) 
40% 
^ ^ n - N CI 
L 义 ; 双 I 
[Fe"'(Tp2'^ «2)(HpzM^ ){tcc)] (5) 
60% 
Scheme II.2 Preparation of Fe(III) catecholate complexes (2)， 
[Fe"丨(TpzMe2)(MeOH)(cat)] (3)，[Fe'"(Tpz'^=')(MeOH)(4-Cl-cat)]� and (5) 
Deep purple block-like crystals of 2 were obtained from a 
dichloromethane/hexane mixture (v/v = 1/3). Alternatively, crystals of 2 were also 
obtained from a methanolic solution in our attempt to examine the liability of the 
HpzMe2 ligand. It was found that the Hpz^^^ ligand was not replaced by a methanol 
molecule. 3 and 4 were re-crystallized from methanol to yield deep green plate-like 
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crystals. 5 was obtained from an acetonitrile solution as blue crystals. A solution 
of 2 in dichloromethane was quite sensitive to air. Upon exposure to air, it changed 
gradually from a deep purple colour to dark blue，and then a yellowish brown mixture. 
In contrast, 5 was stable in air. A solution of 5 in dichloromethane retained its deep 
blue colour at ambient conditions for one day. Attempts to obtain an accurate 
elemental analysis result for 3 were not successful, probably due to the presence of 
side products. 
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II.2.2 Molecular Structures of 1 - 5 
The molecular structures of compound 1 - 5 with part of the numbering scheme 
are depicted in Figures II. 1-5. Selected bond lengths (A) and angles (deg) are listed 
( 
in Tables II.1-5. 
Complex 1 crystallizes in a triclinic crystal system with the space group Fi. 
The complex has a distorted octahedral geometry with the iron(III) center coordinated 
by three Njpz atoms in a facial-capping mode, two chloride ions occupying the two 
equatorial sites, and the nitrogen of the auxiliary Hpz^^^ molecule at the remaining 
axial position. Two Nxpz atoms (N1 and N3) together with the two chloride ions 
defined the equatorial plane (angle sum = 360.0�). The N5-Fel-N8 angle is 171.5°. 
The distortion could be attributed to the strong chelating property of the tridentate 
TpzMe2 ligand. The Fe -Nipz distances (2.155(9), 2.164(6) and 2.122(8) A) are 
comparable to those reported for other mononuclear anionic half-sandwich 
TpzMe2_Fe( in) complexes.5a，b T h e F e - C l d i s t a n c e s ( 2 . 3 1 2 ( 3 ) a n d 2 . 3 2 0 ( 8 ) A) a r e 
unexceptional to other iron(III) chloride complexes.^ 
The structures of the 2 - 5 show similar features. 2，3 and 4 crystallize in a 
monoclinic crystal system with the space group Pl\/n, while 5 crystallizes in a 
triclinic crystal system with the space group Pi. The iron center of all the 
catecholate complexes adopts a distorted octahedral co-ordination geometry, which 
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consists of three Njpz atoms of the tridentate Tpz^^^ ligand, two Ocat atoms from the 
bidentate catecholate at the equatorial sites, with an angle sum of 360.0°, 359.2°, 
359.9° and 360.0° for 2 to 5，respectively. The remaining apical position is occupied 
by the nitrogen atom from Hpz'^'^ for 2 and 5, and an oxygen atom from a methanol 
molecule for 3 and 4, respectively. Attempts to re-crystallize 2 in methanol yielded 
the same Hpz'^^^ bound complex, implying that the replacement of the auxiliary 
ligand is not always favoured. The distortion of the complexes from ideal octahedral 
geometry was more significant for 2-5, as compared to 1. The Nxpz-Fe-NHpz of 1 is 
171.5°. In contrast, those of 2 and 5 are 166.97° and 166.23°, while the 
Nfpz-Fe-OMeOH angles for 3 and 4 are 165.34° and 166.61°，respectively. These 
might be attributed to the increased bulkiness of the catecholate ring when comparing 
to the two chloride atoms on 1. 
Compared to the catecholate complexes prepared by Moro-oka and co-workers, 
the TpzBu'’Pr' derivatives adopted an trigonal-bipyramidal coordination while the 
TpzP"2 derivative had an octahedral geometry with the axial position being 
co-ordinated by an acetonitrile molecule. Our complexes were supported by the less 
hindered Tpz'^^^ ligand, which probably favoured in an octahedral geometry due to 
the less steirc-demand of the R-groups. 
The Fe-Ocat bond lengths for 2-5 are similar to those reported for other 
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6-coordmate Fe(III)-cateholate complexes?'^ Due to the high symmetry of Tpz^^^ 
ligand, the Fe-Ocat bond pairs are all similar when compared with those 
iron-catecholate complexes consisting with unsymmetry tripodal tetradentate 
ligands.-^^ The Fe-Ocat bond distance of 2 and 5 are similar (1.948(3) and 1.950(2) 
A for 2，1.955(3) and 1.961(2) A for 5). Similar results were observed for the 
Fe-Ocat bond pair of 3 and 4 (1.930(1)-1.964(1) A for 3 and 1.932(2)-1.969(2) A for 
4). The C-Ocat bond lengths of 2, 3 and 4 are also similar (1.350(4)-1.339(3) A for 2， 
1.345(5)-!.336(8) A for 3 and 1.340(4)-1.344(3) A for 4)，but slightly shorter for 5 
(1.312(2)-1.323(2) A for 5). The latter still fall within the range of Fe-Ocat bond 
distances for other iron(III)-cateholate complexes reported in the literature.^'^ This 
implied that 2 to 5 are all catecholato complexes, which showed no semiquinonato 
character in the solid state.^^ 
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Figure II. 1 Molecular Structure of (1) 
Selected bond length [A] 
Fel -N1 2.155(9) F e l - N 8 2.158 (9) 
Fel - N 3 2.164(6) F e l - C l l 2.312(3) 
F e l - N 5 2.122 (8) Fel—CO 2.320 (8) 
Selected bond angle [deg] 
N5-Fel-Nl 85.21 (2) Nl-Fel-N8 90.71 (2) N8-Fel-Cll 91.69(2) 
N5-Fel-N8 171.51(2) Nl-Fel-N3 85.05 (2) N8-Fel-C12 90.03 (1) 
N5-Fel-N3 86.06(2) Nl-Fel-Cll 91.06(2) N3-Fel-Cll 175.53 (2) 
N5-Fel-Cll 95.82 (2) Nl-Fel-C12 176.73 (1) N3-Fel-C12 91.83 (1) 
N5-Fel-Cl2 93.63 (1) N8-Fel-N3 86.17 (2) Cll-Fel-C12 92.11 (7) 
Table II. 1 Selected Bond Distances (A) and Angles (deg) for 1 
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Figure IL2 Molecular Structure of (2) 
Selected bond length [A] 
F e l - N l 2.168(3) Fel - 0 1 1.950(2) 
Fel - N3 2.133(2) Fel - 0 2 1.948(3) 
Fel - N 5 2.139(3) C 1 6 - 0 1 1.350(4) 
Fel - N7 2.225(3) C21 - 0 2 1.339(3) 
Selected bond angle [deg] 
Nl-Fel-N3 88.21 (9) N3-Fel-N5 82.94 (9) N5-Fel-01 97.53 (9) 
Nl-Fel-N5 85.14 (9) N3-Fel-N7 87.88 (10) N5-Fel-02 100.53 (9) 
Nl-Fel-N7 85.34 (10) N3-Fel-01 176.71 (9) N7-Fel-01 92.16(10) 
Nl -Fe l -01 95.08 (9) N3-Fel-02 94.63 (9) N7-Fel-02 89.39(10) 
Nl -Fe l -02 173.92 (9) N5-Fel-N7 166.97 (10) Ol -Fe l -02 82.08(8) 
Table II.2 Selected Bond Distances (A) and Angles (deg) for 2 
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Figure II.3 Molecular Structure of [Fe"'(Tpz'^'-)(MeOH)(cat)] (3) 
Selected bond length [A] 
Fel - N2 2.134 (2) Fel - 01 1.964(1) 
Fel - N4 2.134(1) Fel - 02 1.930(1) 
Fel -N6 2.137(1) 01 - C I 1.345 (5) 
Fel - 0 3 2.138(1) 02 - C6 1.336 (8) 
Selected bond angle [deg] 
N2-Fel-N4 86.94(1) N4-Fel-N6 84.59 (1) N6-Fel-01 96.39(1) 
» 
N2-Fel-N6 86.21 (1) N4-Fel-03 84.29(1) N6-Fel-02 101.07(1) 
N2-Fel-03 83.70(1) N4-Fel-01 178.82(1) 03-Fel-01 94.63 (1) 
N2-Fel-01 92.46(1) N4-Fel-02 97.70(1) 03-Fel-02 89.87(1) 
N2-Fel-02 171.67(1) N6-Fel-03 165.34(1) Ol-Fel-02 82.77(1) 
Table 11.3 Selected Bond Distances (A) and Angles (deg) for 3 
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Figure II.4 Molecular Structure of [Fe"'(Tpz'^'^)(MeOH)(4-Cl-cat)] (4) 
Selected bond length [A] 
Fel - N 1 2.120(2) Fel - 01 1.932 (2) 
Fel - N3 2.144 (3) Fel - 02 1.969(2) 
Fel - N 5 2.128(2) 01 -C16 1.340(4) 
Fel - 0 3 2.141 (2) 0 2 - C 2 1 1.344(3) 
Selected bond angle [deg] 
Nl-Fel-N3 84.47(9) N3-Fel-N5 87.12 (9) N5-Fel-01 170.13 (9) 
Nl-Fel-N5 86.96 (9) N3-Fel-03 166.61 (9) N5-Fel-02 90.31 (9) 
Nl-Fel -03 . 84.65(9) N3-Fel-01 100.46 (9) 03-Fel-01 89.10(9) 
Nl-Fel -01 99.97 (9) N3-Fel-02 95.75 (9) 03-Fel-02 94.75 (9) 
Nl-Fel -02 177.25 (9) N5-Fel-03 84.53 (9) 01-Fel-02 82.70(9) 
Table 11.3 Selected Bond Distances (A) and Angles (deg) for 3 
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Figure II.5 Molecular Structure of [Fe'"(Tpz^^^)(Hpz'^'-)(tcc)] (5) 
Selected bond length [A] 
F e l - N l 2.116(2) Fel - 01 1.961 (2) 
Fel - N3 2.122(3) Fel - 02 1.955(3) 
Fel -N5 2.142 (6) C 2 1 - 0 1 1.312(2) 
Fel - N7 2.218(6) C26 - 0 2 1.323 (2) 
Selected bond angle [deg] 
Nl-Fel-N3 90.89 (1) N3-Fel-N5 84.96(1) N5-Fel-01 95.87(1) 
Nl-Fel-N5 83.65 (1) N3-Fel-N7 85.72 (1) N5-Fel-02 100.96(1) 
Nl-Fel-N7 86.39 (1) N3-Fel-01 91.58(1) N7-Fel-01 94.50(1) 
Nl-Fel-01 177.43 (1) N3-Fel-02 171.63 (1) N7-Fel-02 89.43 (1) 
Nl-Fel-02 95.62(1) N5-Fel-N7 166.23 (1) Ol-Fel-02 81.98(1) 
Table 11.3 Selected Bond Distances (A) and Angles (deg) for 3 
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11.2.3 Electrochemical Studies 
The redox behavior of the catecholate complexes 2 - 5 was studied using cyclic 
voltammetry (CV). All potentials were measured in dichloromethane solution with 
tetrabutylammonium hexafluorophosphate as the supporting electrolyte. The cyclic 
voltammograms of 2-5 are shown below: (Figures 6 -8 ) 
I — I — I — ‘ — I — ‘ — I — ‘ — I — ‘ — I — ‘ — I 
1000 500 0 -500 -1000 -1500 -2000 
Voltage (mV) 
Figure II.6 Cyclic voltammogram of 2. Supporting electrolyte: 0.10 M fN"Bii4][PF6], sweep 
• rate: 100 raVs"' (with resoect to Fc /^FcV 
P 
1 1 1 • 1 ‘ 1 ‘ 1 
500 0 -500 -1000 -1500 
Voltage (mV) 
Figure II.7 Cyclic voltammogram of 3. Supporting electrolyte: 0.12 M [N"Bu4][PF6], sweep 
rate: 100 mVs"' (with respect to F C V F C ) . 
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< K 
— I 1 1 1 1 1~ 
1000 500 0 - 5 0 0 - 1000 -1500 
Voltage (mV) 
Figure 11.8 Cyclic voltammogram of 5. Supporting electrolyte: 0.15 M [N"Bu4][PF6], sweep 
rate: 100 mVs"' (with respect to Fc+/Fc) 
In the available range of potentials, all the complexes exhibit two redox 
processes. 
Compound [LFe'"(cat)]°/[LFe"(dbsq)]^ ' [LFe"'(cat)]7[LFe"(cat)]-' 
Ei/2 (V)，AE (V) Em (V)，AE (V) 
2 -0.01,(0.08) -1.11,(0.07) 
3 0.24, (0.08) -0.90，（0.09) 
5 0.49, (0.09) -0.82, (0.17) 
•H^dbc? -0 .87 / 
•Fe(bpma)(dbsq) 2j 0 .14 / 
*Fe(TpzBu’(dbc 产 -0.23 / 
•Fe(Tpz � - 0 . 3 2 / 
*[Fe(BBA)(dbc)]C104'^ 0 .00 / 
• F e ( T A C N ) ( d b c ) C l - 0 . 1 0 -1 .23 
*Fe(TACN)(tcc)Cl 0 .49 -0 .91 
•All potentials are reference to (Fc+ZFc)，SCE with Eu2 for Fc*/Fc couple = +0.435V ‘ 
Table II.6 Electrochemical Potential (V) of the 2 - 5 and other iron(III)-catecholate complex. 
The electrochemical behavior of 2 is quite similar to those of other 
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iron(III)-di-re,'/~butylcatecholate complexes reported by other research groups/^^ 
The redox couple centered at Ei/2= -O.OIV (AE = 76 mV) could be assigned to the 
Fe(dbsq)/Fe(dbc) redox couple while the other redox couple centered at Ei/2= -1.1 IV 
(AE = 68 mV) should be related to the metal centered process with an electron 
transfer between iron(III) and iron(II). (Scheme IL3) 
Fe'" J ] • . . 卫 J Fe'" T| J • 。- _ Fe" | J 
Scheme II.3 Schematic representation for the redox behaviour of catecholate complexes. 
The stability of the semiquinonate moiety could be reflected from the 
reversibility of the couples, and our results showed that the corresponding 
Fe(III)-dbsq should be relatively stable within the provided sweep rate. Similar 
assignments could be made for those redox couples observed for 3 and 5. The redox 
couples shift towards the more positive region across the series of 2 to 5，which may 
be attributed to a decreasing electron density on the iron center. The reversibility of 
the redox couple of iron(II) to iron(III) for 5 was comparatively lower than the other 
catecholate complexes which may attributed to the strong electron-withdrawing 
properties of the tcc ligand and hence lowering the stability of the related iron(II) 
moiety. 
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I I .2.4 UV-Vis Spectroscopic Studies 
11.2.4.1 Oxygenat ion Studies of the Catecholate Complexes 
A l l complexes 2-5 showed two catecholate-to-Fe(III) charge transfer bands at 
around 550nm and 840nm, respectively, in their UV-Vis spectra."^''' (Figure 11.10) 
^ 0.6 - \ \ 0 100 200 300 400 
I . V \ i^!!：!^  
。.2- • • … … -
0.0 -I 1 > 1 ‘ 1 1 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 
300 400 500 600 700 800 900 1000 
Wavelength (nm) 
Figure II. 10 Absorption spectra showing the progress of oxygenation of 2 (conc. 0.2 mM) in 
CH2CI2 with 45 seconds intervals. Inset: Plot of In(Abs) against time. 
The lower-energy L M C T band at 840nm was proposed to involve a charge 
transfer f rom the catecholate oxygen atoms to the tt* orbital o f the aromatic ring o f 
the catecholate unit, whi le another L M C T band at 550 nm should be aroused f rom a 
charge transfer f rom the oxygen atoms to the metal center.^a-d The reactivity o f 2 
towards dioxygen was investigated. The characteristic purple color o f the solution 
gradually faint out and f inal ly turned completely yellow. The absorption maxima at 
550nm and 840nm gradually disappeared, and a shoulder was bui l t up at around 400 
nm. The rate o f reaction could be estimated by plott ing the logari thm o f absorbance 
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versus t ime as shown in the inset o f the f igure. Such exponent ia l decrease o f the 
intensi ty o f the absorpt ion m a x i m u m over t ime suggested that the react ion fo l lows a 
pseudo-fiT^i order kinet ics under an excess d ioxygen atmosphere. S imi lar absorption 
spectra for 2 were obtained in dif ferent solvents. The absorpt ion max ima o f other 
catehcolate complexes were summarized i n Table 11.7. 
" C o m p l e x Solvent X^ai n m (/JNT^cin'^) kpbsC xlO'^ I V T V ) 
Dichloromethane 550 (1650)，840 (1950) 8.0 
Acetonitrile 557 (1470)，980 (2500) 6.0 
Toluene 513 (1700), 861 (2400) 1.5 
2 
Hexane 516 (2060), 872 (3500) 0.3 
Methanol 495 (1560), 879 (2300) 0.06 
Tetrahydrofuran 534 (2150), 999 (3600) 0.02 
3 Dichloromethane 474 (1900), 780 (2650) ^ 
4 Dichloromethane 484 (2050), 700(1750) ^ 
5 Dichloromethane 505 (1800), 733 (2150) ^ 
Fe(TpzBu'P—)(dbc) Toluene 672’ 830 c 
Acetonitrile 574，1046 ^ 
Toluene 612,1324 。 
Fe(TACN)(dbc)Cl Acetonitrile 444,694 c 
[Fe(BBA)(dbc)]C104 3f Acetonitrile 560,820 ^ 
[Fe(bpia)(dbc)]C104^' Methanol 558，865 43 (DMF) 
[Fe(TPA)(dbc)]BPh4 2d Acetonitrile 568,883 15000 (DMF) 
[Fe(L-N4Me2)(dbc)]BPh4^' Acetonitrile 553, 784 380 
'conc. of complex = 0.2mM 
5 Rate constant for the oxygenation reactivity of the compounds has not been determined in this work. 
TGnctic data for these compounds have not been reported. 
Table 11.7 Absorption maxima and the observed oxygenation rate of 2 to 5 and other model 
complexes 
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The rate o f oxygenation o f 2 was found to be solvent dependent and such 
dependence for catechol dioxygenase model has not been reported before. The rate 
o f reaction was much slower when THF or methanol, wh ich are 0 -dono r solvents, 
were used. The rate o f reaction in non-coordinating solvent was generally higher 
and increased w i t h polar i ty o f the solvent used (khex<ktoi<kcH2Ch)• Interestingly, the 
rates o f reaction in dichloromethane and acetonitrile are comparable, despite the latter 
one is a donor solvent. One factor wh ich may also affect the oxygenation react ivi ty 
o f the model complexes is attributed to the solubi l i ty o f d ioxygen in these solvents. 
However, the latter effect has not been considered in this work . 
W i t h increasing electron-withdrawing properties o f the catecholate ring, a blue 
shift was observed for the absorption maxima o f the catecholate complexes (X n^ax nm 
for 5 - 4 < 3 < 2 in dichloromethane). 
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I I .2 .4 .2 Spec t ra l Studies u p o n Oxygena t i on at L o w Tempe ra tu res 
I n order to study the oxygenat ion o f the catecholate complexes at l o w 
temperatures, 2 was sent to Prof. Suimey Chan's group at Academia Sinica i n Ta iwan 
for l o w temperature U V - V i s studies. Figure I I . 11 shows the oxygenat ion o f 2 at l o w 
temperatures: 
——Fe(lll). Ar, -80° C 
• ——Fe(lll) + at -80°C 
1 o ——-70。C 
A 60。C 
• L 50 
1.0- V / 1 ——-40。C 
. 観 -30 "C 
I 。 ' 氣 i £ 
^ 0.6- —— 
0.0 J ~ , , 
400 600 800 1000 
Wavelength I nm 
Figure I I . 11 Absorption spectra showing the progress of oxygenation of 2 (conc. 0.2 mM) in 
CH2CI2 at low temperatures. 
The t w o characteristic L M C T bands at 550nm and 840nm were observed at 
temperatures d o w n to -80°C, suggesting that no structural changes occur at such l o w 
temperatures. The react ion mix ture was then bubbled w i t h d ioxygen, but the 
characterist ic absorpt ion m a x i m a remained unchanged, ind icat ing that the 
oxygenat ion react ion d id not proceed at such l o w temperatures. A s temperature 
raised to -40°C i n the presence o f d ioxygen, the two L M C T bands gradual ly 
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dimin ished. A t l o w temperatures, a green intermediate was observed, and a new 
absorpt ion peak occurred at about 620 nm. The latter absorpt ion peak gradual ly 
disappeared as temperature increased, and a shoulder gradual ly bu i l t up at around 400 
nm, ind ica t ing the d is integrat ion o f the iron-catecholate complex. 
Since such spectral changes cou ld not be observed at r o o m temperature, w e 
suggested that the green intermediate species m igh t be bu i l t -up at r o o m temperature, 
bu t disintegrated qu ick ly . Therefore, i t cou ld on l y be observed at l o w temperatures. 
We proposed that the green intermediate may be due to an i ron-peroxo intermediate 
f o rmed at the beginn ing o f the react ion as shown i n the f o l l o w i n g scheme: 
H B ^ . N u m。2 Bu' H B f X , Bu' 
乂 N、、,T、,o,,,、.W^BU' +HPZ- V N 、 > e . . . . . . q ^ u X J ^ B U ' ^N、〉?.....' 
Hpz"»2 0 、 
O 
Purple Green 
Scheme I I .4 Schematic representation showing the formation of the green iron-peroxo intermediate. 
The aux i l ia ry Hpz^^^ l igand f i rs t released f r o m 2 at the beg inn ing o f the reaction. 
* 
A vacant site w o u l d be avai lable for d ioxygen b ind ing, f o r m i n g the green intermediate. 
The i ron-peroxo species qu ick l y disintegrated w h i c h cou ld be observed on ly at l o w 
temperatures. Studies o f the green intermediate are s t i l l i n progress by other 
members o f our group. Pre l im inary results suggested that the bu i l d i ng up o f the 
green intermediate may be reversible as the characteristic purp le co lour cou ld be 
recovered upon purg ing the green so lut ion w i t h excess argon at l o w temperature. 
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Jang et al. have reported s imi lar observations o f a green intermediate but fur ther 
react iv i ty and structure o f the corresponding species were not mentioned.^^ Funab ik i 
et al. have studied the react ion o f [Fe"VMe3TACN)(3 , 6 -dbc)C l ] ( M E 3 T A C N denotes 
the 1 ,4 ,7- t r imethy l - l ,4,7-tr iazacyclononane l igands) w i t h si lver tetraf luoroborate. 
The [Fe"VMe3TACN)(3 , 6 -dbc )BF4] species prepared in si tu showed s imi lar spectral 
changes at l o w temperatures.^'' I t was proposed that the b ind ing o f d ioxygen on the 
ax ia l pos i t ion should be the in i t ia l and crucial step for the exrz'fl^izoZ-cleavage reaction. 
The observat ion o f the green intermediate should g ive some insights to the 
degradat ion pathway undergoing. 
I I .2 .4 .3 R e a c t i v i t y Studies w i t h Excess Pyrazo le 
To investigate the importance o f an axial posi t ion for d ioxygen b ind ing , we have 
studied the oxygenat ion o f 2 w i t h excess Hpz^^^ at room temperature (Table 11.8). 
Comp lex Solvent X^ax (nm) kobs (x lO '〗 M ' V ) 
2 + 2mMHpzM=2 i.096 
2 + 4mMHpzMc2 0.639 
2+10mMHpzM=2 CH2CI2 550,840 0.522 
2 + 20mM HpzMd 0.368 
2 + 50mMHpzMe2 0.261 
Cone. o f2 = 0.2mM 
Table I I . 8 Oxygenation rate of 2 in the presence of excess Hpz*^ ^^ in CH2CI2 
The oxygenat ion react ion was carr ied out i n dichloromethane i n the presence o f 
5, 10，25，50 and 100 t imes o f excess Hpz^^^. The absorpt ion spectra o f the react ion 
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mixture showed similar L M C T bands. Upon oxygenation, the two peaks gradually 
disappeared but the reaction rate was reduced w i t h an increasing concentration o f 
HpzMe2 added. These results suggested that the reaction rate should be inversely 
proport ional to the amount o f free Hpz'^^^ presence in the reaction mixture. As 
mentioned above, the release o f Hpz'^^^ from 2 in the solut ion should be the in i t ia l 
step for the ex-rrfl{5?zo/-cleavage reaction to proceed. A n increasing concentration o f 
HpzMe2 in solution wou ld reduce the rate o f Hpz'^^^ being released and hence leading 
to a lower reaction rate. 
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I I . 2 .5 I d e n t i f i c a t i o n o f the D e g r a d a t i o n Produc ts 
2 was subjected to react ion w i t h excess dioxygen, and the compos i t ion o f the 
react ion products was estimated by G C - M S analysis. Results o f our studies were 
summar ized i n Table I I .9. 
Retention Product distribution 
Degradation products 
Time (min) ratio (%) ' 
(a) 3，5-Di-/er/-butyl-2-pyrone 13.34 33 
extradiol- g^f-^^^O . 
cleavage 
(b) r ^ O 4,6-Di-ter/-butyl-2-pyrone 13.89 28 
, 、 3,5-Di-/er/-butyl-l -oxacycio , . 




(d) X / 。 / N 、 N Z 19.78 23 
b / ^ 0 
"Reaction take 12 hours in CHzClj. 
•"The concentration for 2 was about 2 mM 
Table 11.9 GCMS analysis of the reaction products upon oxygenation of 2 in CH2CI2 
Four ma jo r products (a) - (d) were ident i f ied. The products were isolated by 
c o l u m n chromatography and characterized, and compared w i t h those authentic 
samples reported i n the l i terature. 
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、 
X XX - A 
0 人 。 B U 从 
/ O ^ 02 (a.) (b.) (a) (b) 
二 e h ^ 产 _ j V o 
〜 。 B 入 
(c) (d') (d) 
Scheme I I .5 Schematic representation of the oxidative cleavage pathways of (a) - (d) . 
B o t h (a) and (b) were produced via an extradiol-c\Qa.v2ige pathway, w i t h the 
intermediates (a，) and ( b ' ) respectively, w h i c h were thermal ly decarboxylated i n the 
G C - c o l u m n as suggested by Funab ik i et a l . ( a ' ) could be observed i f the reaction 
was stopped after an hour and characterized by N M R . A l t h o u g h the resul t ing 
spectrum was not pure, the resonance signals could be comparable to those reported i n 
the l i t e ra tu re . lOa (a，) gradual ly turned to ( a ) after several hours at r oom temperature. 
M u c o n i c anhydride (c) was or iginated f rom the mtradiol-desLvage. pathway and 
was c o m m o n l y reported i n the studies o f intj'adiol-ciQdLVSigQ mode l complexes.^ 
The anhydr ide readi ly reacted w i t h nucleophiles产3d the react ion mix ture , Hpz^®^ 
reacted readi ly w i t h (c) by at tacking the less hindered carbonyl group o f the anhydr ide, 
f o l l owed by cyc l iza t ion to y ie ld (d) . The deplet ion o f (c) after 48 hours o f react ion 
and the subsequent fo rmat ion o f (d ) agreed w i t h the proposed react ion mechanism. 
N o unreacted catechol or benzoquinone f r o m auto-ox idat ion were detected f r o m 
the react ion mix ture . The oxygenat ion react ion for 2 produce the extj-adiol-cleavage 
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product to the intradioZ-deavage products, i n about 3:2 rat io. 
The react ion was then repeated under dififerent temperatures, and the product 
compos i t i on was compared w i t h that obtained at r oom temperature: 
Product distribution ratio (%) • 
Degradat ion products 
-10。C 0。C 20。C 40 °C 
Bu' 
(a) f ^ ^ 36 38 33 30 
extradiol- cleavage 
(b) • r ^ O 27 24 28 30 
B u f A ^ O 
Bu' n 
(c) r b 22 22 16 16 
0 
intradiol- cleavage 
Bu^C V V -
(d) I P 广 N 15 16 23 24 
b / ^ 0 
Rat io of Extradiol: Intradiol 1.73' 1.69 1.56 1.50 
"Al l reaction take 12 hours in CHjCI：. 
''The concentration for 2 was about 2 mM 
Table I I . 10 GCMS analysis of the reaction products upon oxygenation of 2 in CH2CI2 at 
various temperature. 
F r o m the above results, exfrfl<izo/-cleavage was found more favored i n l o w 
t e m p e r a t u r e s as t h e r a t i o f o r m^<3(izo/-cleavage p r o d u c t i n c r e a s e d w h e n t h e 
temperature was raised. Howeve r the react ion d id not proceed i f w e further lowered 
the temperature, w h i c h was consistent w i t h the low-temperature U V - V i s studies. 
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A s ment ioned above, the addi t ion o f excess H p z ^ to the reaction mix tu re 
w o u l d affect the rate o f reaction. Here we examined the effect o f the product 
compos i t ion when excess H p z — was being added. The react ion mix tu re was 
a l l owed to react i n d ichloromethane w i t h 10 and 100 t imes o f free Hpz^®^. The 
product compos i t ion was summarized as fo l lows: 
Product distribution ratio (%) ® 
H p 严 added at 
Degradat ion products ^ , „ 
-10 °C 0 °C 20。C 40。C r..t.m. 
‘ lOx lOOx 
Bu' 
(a) f ^ O 36 38 33 30 14 8 
extradiol-
cleavage 宁 
(b) f r ^ 27 24 28 30 15 11 
B 人 。 
(c) r b 22 22 16 16 / / 
intradiol- O 
O V 
cleavage B u t ^ 
(d) I Q o N^ni 15 16 23 24 71 81 
b / ^ 0 
Rat io of Extradiol: Intradiol 1.73 1.69 1.59 1.50 0.40 0.24 
"AJI reaction take 12 hours in CH2CI2.except reaction for lOOx Hpz"^ added need 24hrs to ensure complete reaction, 
b The concentration for 2 was about 2 mM 
Table I I . 11 GCMS analysis of the reaction products upon oxygenation of 2 with excess 
HpzMe2 added in CH2CI2. 
I t was found that the rat io o f extradiol: intj'acHoI-desivage products was great ly 
reduced and a large amount o f compound (d) that or ig inated f r o m the react ion 
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between anhydr ide (c) and free Hpz^®^ was isolated. Hence the addi t ion o f free 
HpzMe2 not on ly suppressed the rate o f react ion but also increased the rat io o f 
inti'adiol-Q\QdiW2iOQ products. Recal l ing the proposal by B u g g et al. on the select ivi ty 
o f intra- versus exrraJ/oZ-cleavage reaction, the re- l igat ion o f Tyr-447 to the i ron 
center dur ing the react ion fo rmed a tetradentate m o t i f that may eventual ly produce the 
inti'adioI-cleavsLge products: 
acyl migrat ion for intradiol cleaving mechanism 
H O 〜 
。-O. 0 丁一 O oTyr… 
f His妨0 OH I HiS460 D / r ~ \ 丨 妨D 
TT^^Fe-" ' . . . , ‘N ^ - wHr。-。、I"...、,N - — — R ^ 。 “ " l . . 、 、 N 
S^ 0、、、,...Fe、0丁…OB R j ^ O 、 , 、0丁y「40B migration =^^ 0^、、、. 、o丁乂「408 
H^iS462 NHis 站 2 '^ HiS462 
Scheme I I .6 Schematic representation of the relegation of Tyr447 as suggested by Bugg et al.】。 
Hence the above exper iment have demonstrated the enhanced select iv i ty towards 
inti'adiol-c\Q2iVdigt by the re-coord inat ion o f the aux i l ia ry ax ia l l igands to the metal 
center a l though not exclusively. 
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I I . 3 S u m m a r y 
I n conclusion, a series o f iron(III)-catecholate complexes supported by the less 
hindered tr ipodal tridentate Tpz^®^ have been successfully synthesized and 
characterized. The reactivi ty o f the catecholate complex 2 towards dioxygen has 
been investigated. The rate o f reaction and product composi t ion depended on a 
number o f factors, inc luding the co-ordination environment, solvent polar i ty and 
temperature. The observation on the possible peroxo intermediate has also provided 
important insights to the reaction pathway involved. 
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11.4 E x p e r i m e n t a l f o r Chap te r I I 
I I . 4.1 Ma te r i a l s 
Hydrated i ron( I I I ) chloride (Riedel-de Haen)’ 3,5-dimethylpyrazole (Acros), 
sodium borohydride (Aldr ich) , potassium hydroxide (Acros) and 4-chlorocatechol 
t 
z (Acros) were used as received. 3,5-Di-tert-butylcatechol (Acros), was re-crystal l ized 
f r o m hexane wh i le catechol and tetrachlorocatechol (A ldr ich) were re-crystal l ized 
from methanol before used. The l igand NaTpz'^"^ was synthesized according to 
t 
publ ished procedure.* 
I I .4 .2 Synthesis o f Complexes 
[ F e " ' ( T p z ^ ^ ) ( H p z ^ ^ ) C l 2 ] (1) 
A solut ion o f Hpz^^^ (0.19 g, 2 mmo l ) i n methanol (5 m l ) was added to a 
solut ion o f FeCl3-6H20 (0.54 g, 2 mmo l ) i n the same solvent (20 m l ) at room 
temperature. The reaction mixture was stirred, for ha l f an hour. The result ing 
orange mix ture was treated w i t h a solut ion ofNaTpz'^®^ (0.64 g, 2 mmo l ) i n methanol 
(10 m l ) at -78 °C and the reaction mixture was stirred at room temperature for another 
2 hours. A l l the volati les were removed in vacuo and the residue was extracted w i t h 
acetonitr i le and filtered. The result ing solut ion was reduced to a quarter o f the in i t ia l 
vo lume, fo l lowed by the addit ion o f tetrahydrofuran (5 m l ) to af ford 1 as dark red 
crystals. Yie ld: 0.68 g (65%). M.p. : 334-336。C. M S (L -S IMS) : m/z(%): 424(9) 
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[M-HpzMe2]+，388(100) [M-HpzM 义 C l f ， 3 5 3 ( 7 ) [M- K p z ^ ' ^ - C h t 3 2 8 ( 1 3 ) , . 
[M-HpzMe2-Cl2-CMe]+，293(51) [ M - H p z ^ - C l - p z M ’ . . Anal . Calcd. for 
FeCzoHsoNgBCb： C，46.19; H, 5.81; N，21.55%. Found: C, 46.84; H , 6.17; N， 
21.21% 
[Fem(TpzMe2)(HpzM'2)(dbc)] (2) 
A solut ion o f dbcH: (0.45 g，2 mmol ) i n methanol (20 m l ) was treated w i t h 2 
equivalents o f potassium hydroxide (0.23 g，4 mmol ) in the same solvent at room 
temperature. The resulting pale ye l low mixture was added to a solution o f 1 (0.92 g, 
2 mmo l ) i n methanol. The reaction mixture immediately acquired a deep purple 
colour. A f te r stirr ing at room temperature for 2 hours, all the volati les were removed 
i n vacuo. The dark purple residue was extracted w i t h dichloromethane. Dark 
purple crystals o f 2 suitable for X- ray analysis were obtained upon standing i n a 
dichloromethane/hexane mixture (v/v = 1/2) at room temperature for 2 days. Yie ld: 
A 
0.81 g (62%). M.p. : 215-217 "C (dec). H R M S (L -S IMS) for [M-Hpz^®^]^ m/z: • 
calcd. 573.2806, found 573.2806. Anal. Calcd. for FeC34H52N8B02： C，60.99; H , 
7.53; N , 16.74%. Found: C，61.56; H , 8.28; N，15.81%. 
[ F e m ( T p z M ’ ( c a t ) ( M e O H ) I (3) 
The complex was prepared in a similar manner as that described for 2 except that 
catHb (0.22 g, 2 mmol ) was used instead o f dbcKb. Af ter f i l t rat ion o f the potassium 
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salt, the dichloromethane solut ion was removed i n vacuo to give a dark green sol id, 
w h i c h was re-dissolved i n methanol to y ie ld 3 as dark green plate l ike crystals. "Yield: 
0.52 g (55%). M.p . : 182-183 (dec.). H R M S ( L - S I M S ) for [M-MeOH]" " ni/z\ 
calcd. 461.1554, found 461.1558. 
[Fem(TpzMe2) (4-C l -ca t ) (MeOH) ] (4) 
Th is complex was prepared i n a simi lar manner as that described for 3 except 
that 1 (0.46 g, 1 mmol ) , potassium hydroxide (0.11 g, 2 m m o l ) and 4-Cl-catH2 (0.14 g， 
1 m m o l ) was used. Dark green crystals o f 4 suitable for X- ray analysis were 
obtained from a methanol ic solut ion after standing at r oom temperature for 1 day. 
Y ie ld : 0.22g (40%). M.p. : 251-252 °C (dec.). Ana l . Calcd. for FeCsiHavNeBOsCl: 
C, 48.72; H , 6.30; N , 14.20%. Found: C, 48.91; H , 6.36; N , 14.95%. 
[Fem(TpzMe2)(HpzMe2)(tcc)] (5) 
Th is complex was prepared in a manner s imi lar to that described for 2 except 
that tccH2 (0.22 g, 2 m m o l ) was used instead o f dbcH〗. Dark purple crystals o f 5 
suitable for X - ray analysis were obtained f r o m an acetonitr i le solut ion upon standing 
at r o o m temperature for 2 days. Y ie ld : 0.54g (44%). M.p . : 251-252 (dec.). 
H R M S ( L - S I M S ) for [ M - H p z ^ ' ^ ] ^ m/z\ calcd. 596.9995， found 597.0015. Ana l . 
Calcd. for FeCsAHszNgBO�：C，44.93; H , 4.35; N，16.12% Found: C, 44.73; H , 4.59; 
N , 16.60%. 
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I I .4 .3 Charac ter iza t ion of Degradat ion Products 
Each oxygenation product was isolated using column chromatography and then 
characterized by N M R and mass spectrometry. The NMR-spectra were compared 
w i th those reported in the literature whi le the MS spectral results were compared w i th 
both electronic and chemical ionization (methane as reagent gas) mass spectra 
obtained from GC-MS analysis to conf i rm their identity. Authentic samples were 
also prepared according to literature procedure for comparison purposes.⑴ The GC 
setting set as injection temperature 280°C, init ial temperature 50°C maintained for 3 
minutes, then increased at a rate o f 10°Cniin"^ to 250°C and maintained for 3 minutes. 
(a) 3,5-Di-如 'r-butyl-2-pyronei0a 
GC-MS data found for (a) C13H20O2： M.W. = 208，retention t ime 13.25 min, MS 
(E.I.) m/z(%): 208(52) [ M ] ^ 193(100) [M-CHs ]^ 180(4) [M-C=0 ]+ , 165(83) 
[M -COs f，151 (17 ) [M-Bu']"", MS (C.I.) m/z(%): 249(10) [M+CsHs]", 237(23) 
[M+CsHs ]^ 209(100) [M+H]+,】H N M R (CDCI3)： 5 7.25 (d, I H , J = 3.9 Hz, A rH ) , 
7.23 (d , I H , J = 3.9 H z , A r H ) , 1.33 (s，9H, B u ' ) , 1.20 (s, 9 H , B u ' ) 
(b) 4,6-di-tert-biityl-2-pyroneioa 
GC-MS data found for (b) C13H20O2： M.W. = 208, retention t ime 13.91 min, M S 
(E.I.) m/z(%): 208(28) [M]+, 180(13) [M-C=0]+ , 165(100) [M-C02]+，151(85) 
[ M - B u T , 95(15) [ M - 2 B u T , M S (C . I .) M/z(%): 249(10) [M+CSHS]^ 237(23) 
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[ M + C . H j ] ^ 209(100) [M+H]+,】H N M R (CDCI3): 5 6.05 (s, 2 H, A rH ) , 1.27 (s, 9H, 
B u ' ) , 1.21 (s，9H, B u ' ) . 
(c) 3,5-Di-/'e7-r-but3d-l-oxacyclo-hepta-3,5-diene-2,7-dione'®^ 
GC-MS data found for (c) C14H20O3： M.W. = 236, retention t ime 14.59 min, MS 
(E.I.) m/z(%): 236(2) [M]+，208(5) [M-CO]+’ 192(12) [M-C02]+, 177(23) [ M - B u T , 
149(100) [M-C02-Bu']+，MS (C.I.) mlz{%): 277(10) [M+CSHS]^ 237(60) [M+H]+， 
219(67) [M-0]+，209(67) [M-CO]+，193(62) [M-C02]+, 177(100) [M-Bu']+，149(25) 
[M-COrBu']+，】H N M R (CDCI3): 56.44 (d, I H , J = 1.5 Hz, A rH) , 6.14 (d，‘l H , J = 
1.5 Hz, A r H ) , 1.28 (s, 9H, Bu'), 1.16 (s, 9H, Bu'). 
(d) GC-MS data found for (d) C19H28N2O3： M.W. = 332, retention t ime: 19.71min, 
M S (E .I .) m/r(%): 332(8) [M]+，276(6) [ M - B u T , 180(23) 97(100) 
[HpzMe2]+，MS (C.I.) m/z(%): 373(18) [M+CsHs]^ 361(30) [M+CzHs]^ 333(97) 
[M+H]+，317(8) [M-0]+，195(8) [M-PZ^'^-CHICO]"", 97(100) [HPZ^'^]"", H R M S 
(L -S IMS) for [M]+ m/z: calcd. 332.2100, found 332.2076，】H N M R (CDCI3): 5 6.93 
( s，H i A r H ) 5.94 (s, 1 H , pzH), 4.03 (d, m , j = 13.5 hz，ch2=o)，3.50 (d， 
12.6 Hz, CH2=0)，2.43 (s, 3H, Me), 2.23 (s, 3H, Me), 1.08 (s，9H，Bu'), 1.04 (s, 9H, 
Bu') 13c N M R (CDCI3): 151.92, 146.67，144.25, 142.87, 111.65, 89.43, 7 7 3 6 (Ar ) 
38.15 37.92 (Me)31.46 (CH：), 28.12，25.51 (Bu'). 
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C h a p t e r I I I . Synthesis and Reac t i v i t y Studies o f M o d e l Complexes o f Ca techo l 
D ioxygenases S u p p o r t e d by the H y d r o t r i s - 3 , 5 - ( i i m e t h y I p y r a z o l y l m e t h a n e L i g a n d 
I I I . l I n t r o d u c t i o n 
I n the prev ious chapter, several i ron catecholate complexes supported by the 
hydrot r is -3,5-d imethy lpyrazoly lborate (Tpz'^^^) l igand have been reported. I n this 
chapter, w e reported another series o f cateholate complexes supported by the neutral 
hydrotr is-3,5 -d imethy lpyrazoly lmethane (Tpm^®^) l igand, w h i c h is a neutral analogue 
o f the TpzMe2 l igand. 
~ R R 
/ N / N 
/ R / R • 
l r _j r 
Tpz Tpm 
Scheme I I I . 1 Schematic view of the anionic Tpz and the neutral analogue Tpm ligands. 
The neutral t r ipodal Tpm^^^ l igand bears s imi lar steric demand as its borate 
analogue. The Tpm^^^ l igand was f i rst reported by Tro f imenko i n 1970, a f ew years 
after the report on the Tpz^®^ ana logue] However , the development o f the T p m 
l igands i n co-ord inat ion chemistry was much slower than their borate analogues.^ I t 
was un t i l 1995 that the sol id state structure o f a mo lybdenum metal complex 
supported by T p m ^ ( R = M e ) was f i rst reported by E n e m a r k ? A major drawback o f 
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the Tpm^ ligands is the d i f f icu l ty in incorporating the R substituents on the pyrazole 
moiety. The product y ie ld o f Tpm'^^^ was reported by Trofuneako to be 17%,^ but 
was generally improved to 25-45% by other research group. Further, the need for 
cumbersome pur i f icat ion methods such as sublimation and chromatography hinder the 
use o f these ligands in chemistry. In the past decade, Reger et al. have reported the 
modi f icat ion on the preparation procedures o f the Tpm'^ ligands.^ The use o f a 
sol id- l iquid phase-transfer procedure has signif icantly increased the reaction yield, as 
compared to the earlier direct reaction method, which involved the reaction o f 
pyrazolate w i t h C H C b . " 
In this chapter, the synthesis o f iron(III)-catecholate complexes supported by the 
TpmMe2 l i g肌d was reported. Their structures and reactivity towards d ioxygen have 
been studied and compared w i t h those o f the T p z ^ analogues. Besides, a 
mononuclear iron(II)-catecholate complex supported by the Tpm^®^ l igand has been 
synthesized as a structural model for exti-adiol-deavsigQ dioxygenase. 
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I I I . 2 Resul ts a n d Discuss ion 
I I I . 2 . 1 Synthesis 
I I I . 2 . 1 . 1 Synthesis o f I r o n ( I I I ) Catecholate Complexes 
A series o f i ron( I I I ) catecholate complexes supported w i t h tridenate 
hydrotr is- (3,5-J/ -methyl -pyrazoly l )methane (Tpm^^^) were prepared. This neutral 
t r ipodal l igand is der ived f rom the (Tpz^^^) analogue by replacing the boron w i t h a 
carbon a t o m ] The desired products could be prepared according to l i terature 
procedure w i t h a combined y ie ld up to IQVo?^ The T p m ^ l igand was added 
s low ly to a solut ion o f i ron( I I I ) t r ichlor ide in methanol at 0。C，affording 6 as a ye l l ow 
powder as shown i n scheme I I I . 1. 6 is insoluble i n many organic solvents that 
inc luded methanol , ethanol, acetonitr i le, tetrahydrofurane, dichloromethane, toluene, 
and hexane. A s imi lar i ron( I I I ) t r ichlor ide complex supported by a non-substi tuted 
T p m l igand have been reported by Tro f imenko, w h i c h was also insoluble i n the 
ment ioned organic solvents. i Hence the sol id state structure o f 6 could not be 
determined and was only characterized by h igh resolut ion mass spectrometry and 
elemental analysis. 
K 
N 、 ^ ^ 
八 
ir。ri RU n + HC' MeOH, 4hrs, 0 "C ,„ „ , 
FeCl3 6H2O + N ：——： • Fe"l(TpmMe2)ci3 (6) 
y r 55% 
TpmMe2 
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I r on ( I I I ) catecholate complexes 7 and 9 w i t h di f ferent electronic propert ies on 
the catechol r ing have been successfully prepared by reacting the de-protonated dbc 
and tcc w i t h 6: 
R 
2KOH. MeOH ^ 
CI 
K+cr X R „ [Fe"l(TpmMe2)(dbc〉CI] (7) 
Fe" ' (Tpm- )C.3(6) . Y V MeOH 武 18hrs 61% 
^ - n - N CI 
A // V p i i r ^ 
[Feiii(TpmMe2)(tcc)CI] (9) 
55% 
Scheme I I L 2 Preparation of Fe(III) catecholate complexes [Fe'"(Tpm'"''')(dbc)Cl] (7) and 
[Fe'"(Tpm^^-)(tcc)Cl] (9) 
A y e l l o w suspension was obtained when 6 was m ixed w i t h M e O H . U p o n 
add i t ion o f potassium catecholates, the in i t ia l ye l l ow colour o f the react ion m ix tu re 
gradual ly turned green and f ina l l y to deep purple, w h i c h is the characteristic co lour o f 
an i ron( I I I ) -catecholate complex , after 18 hours o f reaction. Dark purp le hexagonal 
crystals o f 7 and deep blue b lock l i ke crystals o f 9 could be obtained f r o m an 
acetoni t r i le solut ion o f the complexes. 
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I I I .2 .2 .2 A t t emp ts to Synthesize I ron( I I I ) -Catecho la te Complexes w i t h 
Pyrocatecho l 
However, attempts to synthesize the corresponding catecholate complex w i th 
catH2 led to unexpected products: 
2+ R 2-
够 够 H c 欺 I 
R 
(7a) R = Bu^ 
(8a) R = H 
Scheme III.3 Unexpected catecholate complexes obtained by the reaction of 6 with cat. 
Reactions o f the de-protonated cat l igand w i th 6 in methanol gave neither the 
green colour o f 3 nor the typical purple/blue colour o f catecholate complexes, but a 
black reaction mixture. Re-crystall ization o f the crude product f rom acetonitrile 
yielded black block- l ike crystals o f 8a, instead o f our desired "Fe(Tpm^'^)(cat)Cr' 
complex. 8a consists o f an ion pair. The cation is composed o f a ful l-sandwiched 
i ron( I I ) center, wh ich is co-ordinated by two Tpm^^^ ligands. The anion consists o f 
a binuclear structure. Complex 7a has also been identi f ied when we synthesized 7. 
Perhaps, 7a originated f rom a re-arrangement reaction upon heating a solution o f 7 in 
acetonitri le. Similar air stable complexes have been reported by Funanik i et al, by 
reacting i ron( I I I ) chloride w i th 3,5-di-rerr-butylcatechol in the presence o f pyridine 
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where two 2,6-lutidineH+ was found as the cat ion/ The most intr iguing point o f 7a 
and 8a was the or igin o f the full-sandwiched cationic iron(II) species [Fe(Tpm)2]2+. 
Conceivably, reduction o f 6 by the catecholate ligand led to the [Fe(Tpm)2]2+ complex. 
Further experiment showing the possible redox reaction between catecholate and the 
i ron center is discussed in the fo l low ing section. 
I I I .2 .2 .3 A t tempts to Remove the Ch lor ide L i g a n d f r o m the 
I ron( I I I ) -Ca techo la te Complexes 
A contrasting difference between 2 and 7 is on the axial posit ion where an 
anionic chloride found on 7 but a neutral liable Hpz^®^ on 2. We have attempted to 
remove the chloride l igand f rom 7 in order to examine the reactivity o f the 
corresponding species w i th an axial vacant site. 
^ S. [ ^ ^ 丁 + B : 矿 
hc^^^^v^vA MeCN, QOC, 4hrs H C ^ ^ ^ V v l i： ^""-： 
H 。 紫 卜 A - " " " " " ^ 受 伊 H + 例 各 
IFe'"(Tpm"«2)(dt)C)CI] (7) L 」 
11 12 
Scheme II I .4 Attempts to remove the chloride ion from 7 with silver salt. 
A solution o f 7 in acetonitrile was slowly added an equal molar amount o f silver 
tetrafluoroborate. The reaction mixture turned deep green colour after four hours. 
However, the desired cationic complex " [Fe"\Tpm'^ '^) (dbc) ] (BF4)" 10 could not be 
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obtained. Instead, an i ron(I I ) complex 11 was isolated as colourless crystals 
(Scheme I IL4) . A n identical compound was reported by Reger et al. by reacting 
i ron( I I ) tetrafluoroborate w i t h two equivalents o f Tpm'^^^. ^ In another attempt, dark 
green crystals o f 12 were obtained upon re-crystallization o f the reaction mixture f rom 
dichloromethane. 12 consisted o f an i ron(I I I ) center coordinated by three 
semiquinonate ligands. Similar tris(o-semiquinone) metal complexes have been 
reported earlier by Hendrickson et al. and Pierpont et al. by the reaction o f a neutral 
i ron carbonyl w i t h the corresponding b e n z o q u i n o n e s . Since no further evidences 
except the two X-ray structures o f 11 and 12 have been obtained in our work , whether 
11 and 12 were produced as minor products during the reaction or originated f rom 
disproportionation o f 10 remained unclear. 
I I I .2 .2 .4 Synthesis of I ron( I I ) -Ca techo la te Complexes 
There are only few models for extradiol-Q\t?iW2igQ dioxygenases and those 
containing i ron( I I ) center are rare.^ Attempts to synthesize i ron(I I ) catecholate 
complexes consisting the Tpz^^^ l igand were unsuccessful due to a high tendency to 
fo rm the ful l -sandwich “[Fe(Tpz)2]，，complex. For the neutral Tpm^^^ analogue, 
half-sandwich i ron( I I ) complexes have been r e p o r t e d ? 13 was prepared i n good 
y ie ld according to literature procedures.^ Subsequent reaction o f 13 w i t h the 
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deprotonated tcc y ie lded 14 (Scheme I I I .6) . 
\ 厂 2 + 
Fe(BF,), xH,0 + Hc{.".•,,、n、n1 MeCN, 0'c, overnight \；”N - I ^ . F e ^ q h , (bf.), 
N . N ^ N - N ^ OH, 
L 秦 _ 
丁 [Fell{TpmMe2)(H20)3](BF4)2 (13) 
70% 
厂 n 2+ 
r 1 ^ ^ 
Z \ 、、0H2 ？' ？' 
HCr „'•• H O ^ ^ ^ C I 2Et3N. MeOH, 4hrs „ ,••’、 
(BF.). . Y T — V ^ N - N V I ^ k . X X 
_ 乂 、 _ H 。 Y C ' 乂1>丫。1 
[Feii(TpmM«2)(H20h](BF4)2 (13) [Fe"(Tpm^^ )(tcc)MeCN] (14) 
55% 
Scheme I I I .5 Preparation of the iron(II) catecholate complex [Fe"(Tpm'^=-)(tcc)(MeCN)] (14). 
To a colourless so lut ion o f 13 i n methanol was added a so lut ion o f t c c H : i n the 
same solvent f o l l owed by the addi t ion o f two equivalents o f E tsN as the base. A pale 
b r o w n solut ion was obtained after 4 hours. T iny colourless crystals cou ld be 
obtained f r o m a concentrated solut ion wh ich was further re-crystal l ized f r o m 
acetoni tr i le to y ie ld 14 as y e l l o w b lock- l i ke crystals. O n l y three examples for 
mononuclear i ron ( I I ) catecholate complexes have been reported so far by Que et 
and M o r o - o k a et al.^^ I n al l the latter examples, the catecholate l igand bound to the 
i ron ( I I ) center i n a monoanion ic fashion. 
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I I I . 2 .2 M o l e c u l a r Structures of 7-14 
The molecular structures o f compound 7 to 14 w i t h part o f the numbering 
scheme are depicted in Figures I I I . 1 - 4. Selected bond lengths (A) and angles (deg) 
are l isted in Tables I I I . l - 4. 
Both iron(III)-catecholate complexes 7 and 9 show similar structural features. 7 
was crystall ized in a monocl in ic crystal system w i th the space group P2\/n wh i le 9 
was in a t r ic l in ic crystal system w i th the space group PI. Both o f them adopted a 
distorted octahedral co-ordination geometry, being formed by the neutral tridentate 
y^c-capping l igand and the bidentate catecholate ligands, together w i t h one chloride 
ion at the axial position. The equatorial plane was defined by two nitrogen atoms o f 
the TpmMe2 ligands and the two oxygen atoms o f the catecholate ligands (angle sum = 
359.3° for 7 and 358.6° for 9). The Nipm-Fe-Cl angle in 7 and 9 deviated from 
linearity, namely 165.88° for 7 and 164.88° for 9. A similar distort ion was also 
observed for the Tpz^^^ analogues. 
The Fe-NTpm bond lengths for 7 (2.222(6)’. 2.230(4) and 2.213(7) A ) and 9 
(2.152(5), 2.277(3) and 2.148(4) A ) were generally longer than those o f their Tpz^^^ 
analogues 2 and 5, respectively. The weaker coordinating abi l i ty o f the Tpm'^®^ 
l igand, as compared to the Tpz^®^ ligand, could be attributed to the harder and neutral 
properties of the ligand than the charged, more diffuse Tpz^^ .^ Both Fe-Ocat bonds 
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i n 7 (1.923(5) - 1.944(6) A ) and 9 (1.928(3) - 1 .960(4)人）showed on ly m inor 
di f ference due to the h igh symmetry o f the support ing l igand. The two C-Ocat bond 
distances i n 7 (1.327(7) and 1.353(6) A ) and 9 (1.331(3) and 1.334(3) A ) are longer 
g • 
than those reported for semiquinonate complexes, ind icat ing that both 7 and 9 are 
catecholate complexes. 
8a crystal l ized i n a t r ic l in ic crystal system w i t h the space group Pi. The 
Fe-Nipm distances o f (2.161(4), 2.167(6) and 2.198(5) A ) i n [Fe(TpmMe2)2]2+ are 
s imi lar to the average Fe-N丁pm distance o f [Fe(Tpm^®^)2(BF4)2] (2.172 A ) reported by 
Reger et. al.^ The [Fe2(cat)2Cl4]^~ anion has a dinuclear structure w i t h two 
crystal lographical ly equivalent i ron centers. Each i ron center was co-ordinated i n a 
distorted square pyramida l geometry. Catecholate complexes w i t h simi lar structural 
parameters, bearing br idg ing dbc l igands, have been reported by Funab ik i et al.4 
14 crystal l izes i n a monoc l in ic crystal system w i t h the space group P2\ln. The 
i ron ( I I ) complex adopted a distorted octahedral geometry, fo rmed by a neutral 
tr identate ^ c - c a p p i n g Tpm'^®^ l igand and a bidentate tcc l igand together w i t h an 
acetonitr i le molecule as an auxi l iary l igand. The equatorial plane was def ined by 
two n i t rogen atoms o f the Tpm^®^ l igand and two oxygen atoms o f tcc (angle sum 
359.95°). The Nipm-Fe-NMeCN angle is 164.82°. S imi lar d istor t ion f r o m l inear i ty 
has been observed i n 9. The Fe-Nipm bond distances (2.194(3)，2.223(2) and 2.245(3) 
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A ) and the Fe-Otcc distances (2.016(3)人 and 2.071(2) A ) i n 14 are longer than those 
o f 9. The Fe-Otcc bond lengths o f 14 are longer than the corresponding bond 
distances o f the monoanionic catecholate complexes reported by Que et al. (1.95 A)"^^ 
and Moro-oka et. al. (1.87 A) Similarly, no semiquinoate character was observed 
in the sol id state structure o f 14, as evidenced by the identical C-Otcc bond distances. 
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Figure I I I . l Molecular Structure of [Fe(Tpm'^^-)(dbc)Cl] (7) 
Selected bond length [A] 
F e l - N l 2.222 (6) Fel - Cl l 2.377 (2) 
Fel -N3 2.230(4) F e l - 0 1 1.923 (5) 
Fel -N5 2.213 (7) Fel - 02 1.944(6) 
C17-01 1.353 (6) C22- 02 1.327 (7) 
Selected bond angle [deg] 
01-Fel-02 84.58(1) 02-Fel-Nl 95.23 (1) Nl-Fel-N5 84.11 (1) 
01-Fel-Nl 172.86 (2) 02-Fel-N3 94.91 (2) N1-Fel-Cll 91.01(1) 
01-Fel-N3 94.49 (2) 02-Fel-N5 174.34 (1) N3-Fel-N5 79.45 (2) 
01-Fel-N5 95.37(1) 02-Fel-Cll 95.35 (1) N3-Fel-Cll 165.88 (1) 
01-Fel-Cl l 96.11(1) Nl-Fel-N3 78.41 (2) N5-Fel-Cll 90.28 (1) 
Table III. 1 Selected Bond Distances (A) and Angles (deg) for 7. 
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j p - ^ . T 
F i g u r e I I L 2 Molecular Structure of [Fe(Tpm'^'-)(tcc)Cl] (9) 
Selected bond length [A] 
F e l - N l 2.152 (5) F e l - C l l 2.355 (3) 
Fel -N3 2.277(3) Fel - 0 1 1.928 (3) 
Fel -N5 2.148(4) Fel - 0 2 1.960 (4) 
C I 7 - 0 1 1.334 (3) C22 - 02 1.331 (3) 
Selected bond angle [deg] 
01-Fel-02 83.96(1) 02-Fel-Nl 96.61(1) Nl-Fel-N5 86.10 (1) 
01-Fel-Nl 170.74(1) 02-Fel-N3 93.13 (1) Nl -Fel -Cl l 90.24(1) 
01-Fel-N3 92.98(1) 02-Fel-N5 170.94(1) N3-Fel-N5 78.96 (1) 
01-Fel-N5 91.97(1) 02-Fel-Cll 97.48 (1) N3-Fel-Cll 164.84 (1) 
01-Fel-Cl l 98.86(1) Nl-Fel-N3 77.77 (1) N5-Fel-Cll 91.13(1) 
Table I I I . 2 Selected Bond Distances (A) and Angles (deg) for 9. -
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Figure I I L3 Molecular Structure of [Fe(Tpm'^'^)2]^lFe2(cat)2Cl4]-" (8a) 
Selected bond length [A] . 
F e l - N l 2.198 (5) Fe2 - 02' 1.900(4) 
Fel -N3 2.161(4) • Fe2-01 2.110(4) 
Fel -N5 2.167 (6) Fe2 -C l l 1.960(4) 
Fe2-01 1.977(4) Fe2 - C12 2.262 (5) 
Selected bond angle [deg] 
N3-Fel-N3' 179.99(8) 02'-Fe2-01 136.27(10) 01-Fe2-Cll 105.32 (7) 
N3-Fel-N5 85.47(8) 02 ' -Fe2-0r 79.13(11) 01-Fe2-C12 99.48 (7) 
N3-Fel-N5' 96.53 (8) 02'-Fe2-Cll 111.76 (10) 01'-Fe2-Cll 98.01(7) 
N3-Fel-Nl 84.15(8) 02'-Fe2-C12 93.22(10)' 01'-Fe2-C12 157.74 (1) 
N3-Fel-Nl ’ 95.85 (8) 01-Fe2-0r 73.42 (9) Cll-Fe2-C12 104.23 (4) 
Fe2-01-Fe2' 106.58 (10) 
Table I I I .3 Selected Bond Distances (A) and Angles (deg) for 8a. 
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Figure I I I .4 Molecular Structure of [Fe(Tpm)(tcc)(MeCN)] (14) 
Selected bond length [A] 
Fel - N 1 2.245 (3) Fel - 0 1 2.071 (2) 
Fel -N3 2.223 (2) Fel - 0 2 2.016(3) 
Fel -N5 2.194 (3) C17-01 1.310(3) 
Fe l -N7 2.245 (4) C22 - 02 1.310(3) 
Selected bond angle [deg] 
02-Fel-01 80.85 (8) 01-Fel-N5 102.68 (9) N5-Fel-N7 88.43 (11) 
02-Fel-N5 176.28 (9) 01-Fel-N3 171.73 (9) N5-Fel-Nl 79.07 (9) 
02-Fel-N3 91.35 (8) 01-Fel-N7 94.07(11) N3-Fel-N7 88.97(10) 
02-Fel-N7 92.51 (11) 01-Fel-Nl 97.75 (9) N3-Fel-Nl 80.73 (9) 
02-Fel-Nl 99.38 (9) N5-Fel-N3 85.07 (9) N7-Fel-Nl 164.39 (12) 
Table I I I .6 Selected Bond Distances (A) and Angles (deg) for 14. 
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I I I . 2 . 3 E lec t rochem ica l Studies 
The redox behavior o f the catecholate complexes 7 and 9 was investigated using 
cyc l i c vo l tammet ry (CV) . A l l potentials were measured i n dichloromethane 
solut ions w i t h te t rabuty lammonium hexaf luorophosphate as the support ing electrolyte. 
The cyc l i c vo l tammograms are shown i n Figures I I L 5 and 6. 
I 1 1 ‘ 1 T " 1 ‘ 1 1 
500 0 -500 -1000 -1500 -2000 
Potential (mV) 
F igure I I I .5 Cyclic voltammogram of 7. Supporting electrolyte: 0.10 M [N"Bu4][PF6], sweep 
rate: 100 mVs"' (with respect to Fc+/Fc). 
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(r 
— I 1 1 1 ‘ 1 ‘ 1 ‘ 1— 
400 0 -400 -800 -1200 
Potential (mV) 
F igure I I I . 6 Cyclic voltammogram of 9. Supporting electrolyte: 0.10 M [N"Bu4][PF6], sweep 
rate: 100 rnVs'丨(with respect to Fc+/Fc). 
The electrochemical behaviour o f 7 and 9 showed two redox processes. S imi lar 
features were observed for their Tpz^^^ analogues. The peak potentials are 
summar ized as fo l l ows : 
Compound [LFe"'(cat)]°/[LFe"(dbsq)]^' [LFe"'(cat)]"/[LFe"(cat)]-' 
E i/2 (V)，AE (V) Em (V) , AE (V) 
2 -0.01,(0.076) -1.11，（0.068) 
3 0.24，（0.082) -0.90, (0.086) 
5 0.49, (0.087) -0.82, (0.174) 
7 -0.21，（0.090) -1.48 b 
9 0.40, (0.110) -0.95 b 
•All potentials are referenced to (Fc+ZFc) ’SCE with E1/2 for Fc+/Fc couple = +0.43 5V ^ 
b An irreversible process 
Table I I I .7 Electrochemical Potentials (V) of 2 - 9. 
Simi la r assignments on the t w o redox processes were appl ied as those for the 
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TpzMe2 counterparts. For the cycl ic vol tammogram o f 7, the reversible redox process 
at E i ^ = -0.21V (AE = 0.090V) was attributed to the [Fe(Tpm^'^) (dbsq) ] 'V 
[Fe(TpmMe2)(dbc)]+ redox couple, whi le the irreversible wave at Ec = 1.48V was due 
to the reduction o f i ron( I I I ) to i ron(I I ) . Similar assignment could be applied to 9 
w i t h those redox couples being shifted towards more posit ive potentials due to the 
electron-wi thdrawing properties o f the tcc ligand. Comparing the redox couples o f 
bo th 2 versus 7 and 5 versus 9, the peaks shift to more negative potential for those 
complexes supported by the T p m ^ ligand. Conceivably, an enhanced electron 
density on the Fe(I I I ) center o f the T p z ^ complexes 2 and 7 may shift the redox 
couples to more posit ive potentials. 
The irreversible character o f the redox process o f the Fe( I I I ) /Fe( I I ) reduct ion 
wave suggested that the i ron( I I ) moiety generated in-situ was too unstable to be 
re-oxidized back to i ron( I I I ) w i th in the sweep rate studied in our work . This was 
quite different w i t h the Tpz'^^^ analogues in wh ich both redox couples are reversible 
w i t h i n the sweep rate under study. This may be attributed to the weak interaction o f 
the supporting l igand and also the presence o f the chloride ion in 7 and 9. Hence, a 
lower stabil i ty for the reduced i ron( I I ) species, wh ich may undergo further 
rearrangement. 
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I I L2 .4 U V - M s Spectroscopic and React iv i ty Studies on Oxygenat ion of 7 
I I I .2.4.1 Oxygenat ion Studies of the Catecholate Complexes 
The oxygenation reactivity o f 7 was monitored by using UV/V is spectroscopy 
(Figure II I .9). The rate constant o f the reaction was obtained f rom a plot o f the 
In(abs) against time. 
0.5 1 
•丨 - l i 
0 - 4 - 15 
•i / y=-0.0002x-1.9498 
• I / A R、0.9966 
I 0.2 - i - — — ^ — — ^ — — ^ ^ 
o V 0 4000 8000 12000 16000 
受。.1: 
0 . 0 - 1 > 1 . , — n — — — I . — — 
400 600 800 1000 
Wave length (nm) 
Figure II I .9 Progress of oxygenation of 7 (0.1 mM) in CH2CI2 with 15-minute intervals. 
(Inset: plot of ln(abs990nm) against time.) 
Two absorption maxima at 560 nm and 990 nm were observed in the spectrum o f 
7 which are characteristic absorption bands as reported for other iron(III)-catecholate 
complexes.⑴ Upon oxygenation, the two absorption maxima, which originated f rom 
ligand-metal charge transfers, gradually disappeared, indicating the degradation o f the 
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i ron-catecholate complex. A straight l ine was obtained by p lo t t ing In(Abs) against 
t ime, ind icat ing that the oxygenat ion reaction obeyed a pseudo-f i rst order react ion 
cond i t i on under one atmosphere o f d ioxygen. 
Compar ing the two i ron-dbc complexes 2 and 7，the characterist ic L M C T bands 
shi f ted towards longer wavelengths for 7. As suggested by Que et al., such red-shi f t 
o f the t ransi t ion max ima indicated an increase i n Lewis acid i ty o f the i ron center due 
to a decrease i n the d-orb i ta l energy o f the ferr ic center , l o 。 T h i s was attr ibuted to the 
harder and neutral T p m ^ l igand versus the anionic Tpz^^^ l igand. Such red shi f t o f 
the L M C T bands usual ly accompanied w i t h an increase i n react iv i ty towards 
dioxygen for those intradiol-oXtdiVdigt model c o m p l e x e s . iob’e However, the reaction 
rate observed for 7 was 40- fo ld slower, suggesting that other factors should also be 
considered. Since the steric bulkiness o f the T p m 磁 and Tpz^®^' l igands is s imi lar, 
steric factor should not p lay an important role i n the di f ferent react iv i ty o f these 
systems. The most contrast ing di f ference may be the presence, o f the anionic 
ch lor ide i on i n 7. 
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I I I . 2 .4 .2 Spec t ra l Changes w i t h C h l o r i d e removed f r o m the Catecho la te 
C o m p l e x 
A s ment ioned above, attempts to synthesize 10 by the react ion o f 7 w i t h AgBF4 
have been unsuccessful. 
^ ^ r Y^ T 
J C V CI 
[Fe'"(Tpm"®2)(dbc)CI] (7) Fel"(TpmMe2)(dbc)(BF4) (10) 
Scheme I I I .6 Unsuccessful attempt to remove the chloride ion from 7 with silver salt. 
A l t h o u g h we were not able to isolate the desired product , changes i n the 
absorpt ion spectra dur ing the react ion have been studied using U V - V i s spectroscopy 
(Figure I I I . 10). 
/ 、 
0.4- , , 
J 1 1 1 1 1 ‘ 1 ‘ 
400 600 BOO 1000 
Wavelength (nm) 
Figure I I I . 10 Absorption spectra of 7 before (black line) and after (red line) the addition of 
AgBF4 in acetonitrile. 
A n equal molar amount o f si lver tetraf luoroborate was added to a so lu t ion o f 7 i n 
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acetonitr i le w i t h an immediate spectral changes observed. The absorpt ion spectrum 
o f 7 showed a blue shi f t ( f r om 550 to 545nm and 990 to 970 run respect ively) i n 
acetoni tr i le as compared w i t h that i n dichloromethane. A d d i t i o n o f the si lver salt 
so lu t ion resulted i n a shi f t o f the two absorpt ion max ima to lower energy regions 
( f r o m 545 to 600 run and 970 to 1040 nm, respectively) w i t h the absorpt iv i ty 
寒 
decreased for the higher energy peak but increased for the lower energy peak. A 
shoulder was also observed near the max ima at around 990 nm. 
The resul t ing solut ion was immedia te ly exposed to excess d ioxygen. The t w o 
absorpt ion max ima qu ick ly disappeared as shown i n f igure I I I . 11. 
y = -0.0153 X - 0.4319 
R' = 0.9940 
i 卜 秦 
。 .4 - A . ^ — ^ 
I r ^ 40 60 Tiint(s) 80 1 00 / / / / ^ ‘•^VVi 
1 ‘ 1 ‘ 1 ‘ 1 ^ 
400 600 800 1000 
Wavelength (nm) 
Figure III. 11 Progress of oxygenation of a solution of 7 + AgBF* in acetonitrile with 10-sec 
intervals. Inset: Plot of ln(Absio50nm) against time(s) 
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The rate constant o f the reaction was obtained f r om a p lo t o f In (Abs) versus t ime. 
The react ion rate enhanced drastical ly to about 80-fo ld as compared to that o f 7，and 
a lmost 20- fo ld faster than that o f the Tpz^^^ analogue 2. S imi lar spectral studies 
have also been reported by Funab ik i et al.^^ by remov ing the chlor ide i on o f the . 
[Fe"^(Me3TACN)(3,6-dbc)Cl ] , where ME3TACN denotes the l , 4 ,7 - t r ime thy l - l , 4 ,7 
- t r iazacyclononane) l igand, w i t h si lver tetrafluoroborate. The latter research group 
reported a s imi lar red shi f t o f the two t ransi t ion max ima (Table I I I .8 ) . 
C o m p l e x So lvent ，nm ( /M'^cm"^) kobs(M"^s"^) 
2 550 (1650), 840 (1950) 8.0 x 10"' 
CH2CI2 , 
7 560(1400), 990(1672) 2.0x 10一 
10 M e C N 600 (1280), 1040 (2290) 1.5 x 10"^  
[Fem(Me3TACN)(3,6-dbc)Cl ]nb M e C N 516’ 773 6.9 x 10"^  
[Fe i i i (Me3TACNX3,6-dbc) ] (BF4) i ia M e C N 605,968 
Table III.8 Absorption maxima and estimated rate constants for iron-dbc complexes 2’ 6 and 8 
I t is bel ieved that the remova l o f the chlor ide ion may generate a vacant pos i t ion 
for d ixoygen b ind ing and, hence, greatly enhanced the oxygenat ion react iv i ty o f the 
complexes. The increase i n react iv i ty was accompanied w i t h changes i n degradat ion 
products composi t ion that w o u l d be discussed i n the f o l l ow ing section. 
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I I L 2 . 5 I d e n t i f i c a t i o n o f D e g r a d a t i o n Produc ts 
7 and 10 reacted w i t h d ioxygen to y ie ld ox idat ive cleavage products i n 
d ichloromethane. Results o f the oxygenat ion studies were summar ized i n the 
f o l l o w i n g table: 
Product distribution 
Degradation products , ratio (�/o广** 
b ^ Time (mm) u 、 j 2 7 IQb 
(a) J ^ -2.pyrone 13.34 33 23 35 
extradiol-
cleavage 
(b) ^ O 4’6-=-_butyl 1389 28 23 42 
I -2-pyrone 
B^ O 3,5-Di-/er/-butyl-l 
(c) j L P -hepta-3,5-diene 14.73 16 6 14 
B^ V-C V v -
� intradiol. '' 丨 ' 
cleavage Bu' ^ " ' ' ^ q 
g j^f /? 2-Furanacetic 
(e) OCH3 二 了 but / / 8 
Bu' ^ Q -oxo-methyl ester 
auto- O 乂 3’5-di 彻 -bu ty l 1503 / 41 / 
ox idat ion I -qumone 
) unreacted H O ^ J ^ 3,5-di-/er/-butyl ^^ ^^ j 了 ！ 
catechol I -catechol ‘ 
。Reaction take 12 hours in CHjCl： with the concentration for c.a. 2 mM 
、k solution of AgBF4 was added to a solution of 7 in CH2CI2 
Table I I I .9 Degradation products upon oxygenation of iron-dbc complexes 2，7 and 10 
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Complex 7 produced mainly exfr^^JzoZ-cleavage products (a) and (b) which 
account for almost 46% o f the total degradation products isolated. However, more 
than 40% o f 3,5-di-/err-benzoquinone (f) that originated from auto-oxidation o f 
catechol was also identif ied. Small amount o f un-reacted catechol (g) (7%) and 
z«rra<izo/-cleavage products (c) (6%) were also found in the product mixture. In 
cont ras t , oxygena t ion of 10，led to 7 7 % of exr/'a^fzoZ-cleavage p roduc t s together wi th 
23% o f intradiol-c\t2i\digt products. Compound (e) was believed to be a product due 
to a reaction between (c) and MeCN. 
Compared to 2, 7 showed a much lower reactivity (40-fo ld slower) towards 
d ioxygen and a substantial amount o f unreacted free catechol and auto-oxidation 
product 3,5-di-rerr-benzoquinone were isolated from the latter reaction. However, 
upon treatment o f 7 w i th AgBF4, the reaction mixture turned to green then yel low 
within minutes. Both SjS-di-rerr-benzoquinone and free catechol were not isolated 
upon oxygenation. Instead, higher proport ion o f ejcrra<i/o/-cleavage products (a) and 
(b ) was observed together w i th - 2 0 % o f mr/'at/zoZ-cleavage products. Que et al. 
have reported similar changes in product composit ion upon removal o f the chloride 
l igand in [Fe" ' (TACN)(dbc)Cl ] . I t was suggested that the loss o f the chloride ion 
from [Fe⑴(TACN)(dbc)Cl] wou ld increase the iron(II)-semiquinone character o f the 
complex and also provide a better b inding site for dioxygen.】2 Hence, the oxidative 
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cleavage reaction rate was enhanced. 
I I I . 3 S u m m a r y 
I n conclusion, a series o f i ron(I I) / ( I I I )-catecholate complexes supported by the 
t r ipodal tridentate Tpm'^®^ l igand have been successfully synthesized and 
characterized. The structures o f the complexes have been determined by X- ray 
crystal lography and their react ivi ty towards dioxygen has been studied. A 
compar ison w i th the structure and react iv i ty o f their Tpz'^^^ analogues was also 
discussed. Results o f our studies are simi lar to those reported by other research 
groups. These may provide some insights to the importance o f co-ordination 
environment that governs the react iv i ty o f the model complexes. 
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i n . 4 E x p e r i m e n t a l f o r C h a p t e r I I I 
i n . 4 . 1 M a t e r i a l s 
Hydra ted iron(ni) chlor ide (Riedel-de Haen), 3,5-dimethylpyrazole (Acros), 
te t ra-«-buty lammonium bromide (Riedel-de Haen), sodium carbonate (Fisher), 
potassium hydrox ide (Acros) , t r ie thy lamine (Acros), and 3,5-di-^e7'r-butyl-quinone 
(Acros) were used as received. 3,5-Di- tert-butylcatechol (Acros) was re-crystal l ized 
from hexane wh i le catechol and tetrachlorocatechol (A ld r i ch ) were re-crystal l ized 
from methanol before used. The Tpm^'^^ ligand^'^ and 13^ were synthesized 
according to publ ished procedures. 
111.4.2 Synthesis o f complexes 
F A T p m M 侧 ( 6 ) 
To a solut ion o f FeCl3.6H20 (0.54 g，2 m m o l ) i n methanol (20 m l ) was added 
dropwise a solut ion o f Tpm^^^ (0.60 g, 2 m m o l ) i n the same solvent (20 m l ) at 0°C . 
The react ion mix tu re was stirred at r o o m temperature for 4 hours and 6 was obtained 
as a ye l l ow precipitate. Y ie ld : 0.25 g (55%). M.p . : 311-312 °C(dec.). M S 
( L - S I M S ) : m/z(%): 460 (3) [M]+，424 (11) [M-C1]+，389 (29) [ M - C h ] ^ Anal . 
Calcd. fo r 6: FeCieHzzNeCls： C , 41.72; H，4.81; N，18.25%. Found: C，40.77; H， 
5.20; N，17.95%. (Correct elemental analysis data for this compound could not be 
obtained i n this work . ) 
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[ F e " ^ ( T p m ) ( d b c ) C l ] (7) 
To a solut ion o f dbcH : (0.22 g, 1 m m o l ) i n methanol (5 m l ) was added a solution 
o f potassium hydrox ide (0.11 g, 2 m m o l ) i n the same solvent (10 m l ) at room 
temperature. The resul t ing pale ye l l ow mix ture was added to a ye l l ow suspension o f 
6 (0.46 g, 1 m m o l ) i n methanol (10 m l ) and the reaction mix tu re immediate ly turned 
deep purple. A f te r st i r r ing for 18 hours, the reaction mix ture was f i l tered and the 
solvent was removed in vacuo. The dark purple residue was extracted w i t h 
acetoni t r i le and the wh i te potassium chlor ide salt was f i l tered. Dark purple 
hexagonal crystals o f 7 suitable for X - ray analysis were obtained upon standing the 
f i l t rate at r oom temperature for 2 days. Y ie ld : 0.42g (61%). M .p . : 156-158"C(dec). 
H R M S ( L - S I M S ) for [M-Hpz ' ^ ' ^ ] ^ m/z\ calcd. 574.2713, found 574.27018. Anal . 
Calcd. for 7 - (2MeCN) : FeC34H4sN802Cl: C，59.00; H , 6.99; N,16.19%. Found: C, 
58.73; H , 7.10; N，16.75%. 
[Fe i i i (TpmMe2)( tcc)Cl ] (9) 
To a solut ion o f t c c H : (0.25 g，1 m m o l ) i n methanol (5 m l ) was added a solution 
o f potassium hydrox ide (0.11 g, 2 m m o l ) i n the same solvent (10 m l ) at room 
temperature. The resul t ing colourless mix tu re was added to a suspension o f 6 (0.46 
g, 1 m m o l ) i n methanol (10 m l ) and the reaction mix ture immediate ly turned to dark 
blue. A f te r s t i r r ing for 18 hours, the solvent was removed in vacuo. The dark blue 
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blue. A f te r st i r r ing for 18 hours, the solvent was removed in vacuo. The dark blue 
residue was extracted w i t h acetonitri le and fi l tered. Dark blue b lock- l ike crystals o f 
7 suitable for X - ray analysis were obtained upon standing the filtrate at room 
temperature for 3 days. Y ie ld: 0.35g (55%). M.p. : 1 7 2 - 1 7 4 ( d e c . ) . Anal . Calcd. 
for 9: FeC22H22Cl5N602： C, 41.58; H , 3.49; N，13.22%. Found: C, 41.65; H , 3.39; N , 
13.71%. 
[ F e " ( T p m ^ ' ^ ) ( t c c ) ( M e C N ) ] (14) 
To a colourless solut ion t ccH ! (0.26g, 1 m m o l ) i n methanol (10 m l ) was added 
t r ie thy lamine (0.12 m l , 2 m m o l ) at room temperature. The mix tu re was stirred for 
15 mins and then added dropwise to a pale green solut ion o f 13 (0.58 g, 1 mmo l ) in 
methanol (10 m l ) at 0°C. The solut ion s lowly turned pale b rown and was stirred at 
r o o m temperature for 4 hours. The solut ion was f i l tered and concentrated to ha l f the 
in i t ia l vo lume, and was a l lowed to stand overnight. Colourless t i ny crystals were 
obtained wh i ch was further re-crystal l ized in acetonitr i le to af ford ye l low block- l ike 
. crystals. Y ie ld : 0.13 g (21%). M.p . : 189-19 I t (dec.). M S ( L - S M S ) : m/z(%): 
600 (73) [ M - M e C N ] + , 506 (35) Anal . Calcd. for 14: 
FeC22H22N6Cl402： C, 44.03; H，3.70; N , 14.00%. Found: C, 43.75; H , 3.70; N， 
15.15%. (Correct elemental analysis data for this compound could not be obtained in 
this work . ) 
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I I I . 4 . 3 Charac ter iza t ion of Oxygenat ion Products 
Each oxygenation product was isolated using column chromatography and then 
characterized by N M R and mass spectrometry. Authentic samples were also 
prepared for comparison according to literature p r o c e d u r e ” The N M R spectra o f 
the compounds were compared w i t h those o f authentic compounds reported in the 
literature. The M S spectral results were compared w i th both electronic and chemical 
ionizat ion (methane as reagent gas) mass spectrra obtained f rom GC-MS analysis i n 
order to conf i rm their identity. The GC setting set as inject ion temperature 280°C， 
in i t ia l temperature 50°C maintained for 3 minutes, then increased i n a rate o f 
10°Cmin-i to 250°C and maintained for 3 minutes. Characterization o f compounds 
(a) to (d) have been described i n chapter I I and 3,5-di-rerr-butyl-quinone (Acros) ( f) 
and 3,5-di-rerr-butyl-catechol (g) (A ldr ich) were characterized by GC-MS analysis as 
received. 
(e) 2-Furanacetic acid-2,4-di-ferr-butyl-2,5-dihydro-5 -oxo-methyl ester^^ 
GC-MS data found for (e) C15H24O4 M.W. = 268, retention t ime 15.24min, M S 
(E.I.) m/2(%): 2 1 2 ( 1 0 0 ) [ M - B u T , 197(77) [M-Bu'-0]+，179(5) [M-Bu ' -O-Me]+ , M S 
(C.I.) m/z(%): 309(14) [M+CsHs]^, 297(21) [ M + C i H s ] ^ 269 (100 ) [M+H]^ , 212(10) 
[ M - B U T , 197(37) [ M - B u ' - O f , ^ H - N M R (CDCI3): 5 6.93 (s, I H , A rH ) , 5 3.53 (s, 3H， 
100 
OCHs), 2.89 (d，IH, J = 13.8 Hz , C H ^ O ) , 2.75 (d, I H , J= 13.8 Hz , CH2=0) , 1.19 (s, 
9H , Bu' ) , 0.93 (s, 9H, Bu') 
* 
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C h a p t e r IV . Synthesis and React iv i ty Studies of Manganese and Cobal t 
Catecholate Complexes Suppor ted by the anionic Hydro t r i s -3 ,5 -d imethy l 
- py razo l y l bo ra te L i g a n d 
IV . 1 I n t r o d u c t i o n 
I n the previous chapters, focuses have been devoted to reactivi ty studies on 
several iron-catecholate complexes wh i ch served as the funct ional models for catechol 
dioxygenases. However , there are few examples in nature that enzymes showing 
extradiol-Q\&di\2igQ properties wh ich require manganese as a co-factor.】 These 
include the enzymes isolated from Bacillus brevis,^^ Arthrohacter sp. strain M n l , and 
Arthrohacter globiformis strain CM-2}^'^ The 3,4-dihydroxyphenylacetate 
2,3-dihydroxynase ( M n d D ) from the Arthrohacter globiformis strain CM-2 was the 
best studied example. Results f r om c loning and s e q u e n c i n g , ' a n d site-directed 
m u t a g e n e s i s ^ p r o v i d e d valuable in format ion for a comparison between the 
manganese- and i ron-containing enzymes. A n d more important was the crystal 
structure solved very recently for the active site o f M n d D isolated f rom Arthrohacter 
globiformis and the enzyme-substrate complex.^^ Results o f these studies suggested 
that this metal loenzyme sub-class consists o f a 2-His-1 -carboxylate facial t r iad 
coordinated at the metal center, similar to those observed for their i ron( I I ) counterpart: 
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/ Hit'" I、 / His'" 
HN-^ ,^ , ..... OH2 HN 
^ ^ � l ^ r 
\ Glu» \ Glu» 
Scheme FV. 1 Schematic views of the active site in MndD in the resting form and in the 
enzyme-substrate complex.''^ 
This type o f structural analogues for the i ron or manganese conta in ing enzymes, 
that exh ib i t s imi lar act iv i t ies, cou ld also be found for superoxide dismutase (SODs)^ 
and l ipoxygenases ( L O s ) ? In spite o f their structural s imi lar i ty , subst i tut ing the i ron 
center w i t h manganese fo r the SODs inact ived the enzymes，suggesting the unique 
role o f the meta l ions?^ I n contrast to the studies on SODs, research studies on the 
manganese dependent extradiol-oXQdiVmg catechol dioxygenases have received less 
attention. The most in t r ins ic quest ion remained to be the select iv i ty o f the metal 
related to the react ion mechanism for th is type o f enzymes. 
Beside studies on the nat ive enzymes, synthetic manganese catecholate mode l 
complexes may g ive insights to the chemist ry o f the enzymes. However , examples 
o f mononuclear manganese-catecholate complexes4"，f’g were rare, as compared w i t h 
their i ron counterparts. Manganese-catecholate complexes reported i n the l i terature 
were usual ly supported by tetradentate l igands: 
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k ^ M N N k A o H 
R. R" 
TPA, R = R' = H49 SS-CTH R = R' = R" = H '^“于 
6-Me3-TPA, R = R, = Me 4c R = R, = H; R" = Me 
R = NO2； R' = H; R" = Me 
R = R" = H; R' = OMe 
R = Br; R, = R" =H 
Scheme IV .2 Tetradentate ligands used for the synthesis of monocatecholate manganese complexes. 
Funab ik i et al. have prepared the [ (TPA)Mn"(dbsq) ] '^ complex, where TPA 
denotes t r i s (py r idy lmethy l )amine , by the react ion o f [ (TPA)Mn"C l2 ] w i t h Na(dbsq).4g 
Que et al. have also reported the [ (6 -Me3-TPA)Mn" (dbcH) ] " ' complex (6-Me3-TPA 
denotes the t r is (6-methy l -2-pyr idy lmethy l )amine) .4c Rompel et. al have prepared a 
series o f M n ( I I I ) - t c c complexes supported by t r ipoda l tetradentate l igands (Scheme 
I V . 2 ) . ' ' 
There were some other examples o f manganese catecholate complexes supported 
b y mono- or bidentate l igands. However , much focus has been devoted to the 
valence tautomer ic propert ies o f the latter complexes.4h’ij’k None o f the above 
manganese-catecholate complexes shown ox idat ive cleavage properties towards 
d ioxygen. De i . et al. have shown that the [Mn (CTH) (dbc ) ]+ complex, in w h i c h C T H 
denotes 5,7,7,12,14,14-hexamethyl-1,4,8,11 -tetraazacyclotetradecane, reacted readi ly 
towards d ioxygen, bu t the oxygenat ion react iv i ty has not been studied i n detai l产 
Hence i t is interest ing to synthesize manganese catecholate complexes and investigate 
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the i r d i oxygenase react iv i ty. 
Besides, catecholate complexes o f i r id ium^ and rhodium^ have also been studied, 
w h i c h p rov ided impor tant insights on the intradiol-dtSiVSigQ mechanism. 
P ( 、 ^ : P h Z 口 
Scheme IV.3 Schematic views of O: adducts of [Ir(triphos)(phenanthrene-9,l 0-diolate)]^ and 
[Rh(PPh3)2(phenanthrene-9,10-diolate)Cl] ^ 
A s shown i n Scheme IV.3, the fo rmat ion o f the re lat ive ly stable a lky lperoxo 
species may give impor tant ins ight to the possible intermediate invo lved i n the 
enzymat ic mechanism. Catecholate complexes o f cobalt have also been reported.^ 
Howeve r , most o f the cobal t catecholate complexes were shown to be inert towards 
d ioxygen. M u c h focus has been devoted to their valence tautomerism: ^ 
rS 
r V 一 r V n s i 
Bu 从 c / ^ n BU 以 c / r 、 ^ 
^ k j 
ICo"(3,5-dbsq)(bpy)] [Co'"(3,5-dbsq)(3,5-dbcat)(bpy)] 
Scheme IV.4 Schematic views of intramolecular electron transfer between the Co ion and the 
quinone ligands in the first reported valence tautomeric complex.^ ® 
I n th is chapter, we reported our studies on the oxygenat ion react iv i ty o f 
manganese and cobalt catecholate complexes supported by the Tpz^®^ l igand. 
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IV .2 Resu l ts a n d D iscuss ion 
IV .2 .1 Synthesis o f M a n g a n e s e a n d C o b a l t Catecho la te Complexes 
Manganese( I I ) and cobal t ( I I ) acetate complexes supported by the Tpz'^^^ l igand 
have been successful ly synthesized as shown i n the f o l l o w i n g scheme: 





Scheme IV. 1 Preparation of manganese(II) and cobalt(II) acetate complexes supported by Tpz"。ligand. 
Studies on f i rs t r o w late- t ransi t ion meta l complexes bear ing hindered Tpz^ 
l igand (R = P r '， B u ' , ^ ^ ' ^ c u m e n y l产 etc.) were w e l l documented, and the metal 
center was usual ly reported as py ramida l or t r igonal b ipyramidal .^ However the 
fo rma t ion o f co-ord inat ive ly saturated fu l l - sandwich complexes l im i ted the use o f the 
less h indered Tpz and Tpz'^®^ l igands. I n our study, the d i f f i cu l t ies i n synthesizing 
the ha l f -sandwich complexes have been overcome by us ing meta l salts w i t h bidentate 
acetate l igand. D ropw ise add i t ion o f a so lu t ion o f Tpz^^^ i n methanol to an 
appropriate meta l acetate at l o w temperature enhanced the produc t ion o f the desired 
ha l f -sandwich meta l complexes 15 and 16，which were isolated as colourless and p ink 
crystals, respectively. The nitrate analogue o f 16 have been r e p o r t e d , lOb and the use 
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o f bidentate anions such as nitrate and carboxylate was proved to be eff ic ient i n 
prepar ing ha l f - sandwich complexes o f sterical ly less hindered Tpz^ ligands^° and 
other monoan ion ic tr identate l igands such as K l a i i i t r ipoda l ligand」^ 15 and 16 
were then a l l owed to react w i t h sod ium semiquinone, synthesized according to 




1) THF. 8 hrs 
2) dbq, THF.Ihr 






Scheme IV.2 Preparation of manganese(II) and cobalt(II) catecholate complexes supported by Tpz'^^'l 
React ion o f 3,5 -d i - ter t -buty lbenzoquinone (dbq) w i t h t w o equivalents o f sodium 
metal resul ted i n a pale y e l l o w solut ion, w h i c h was then added w i t h one addit ional 
equivalent o f dbq to y ie ld the corresponding deep blue sodium 
3,5-d i - ter t -buty lsemiqu inone (Na(dbsq)) . A d d i t i o n o f Na(dbsq) to a colourless 
so lu t ion o f 15 i n T H F y ie lded 17, w h i c h cou ld be recrystal l ized f r o m a T H F / M e C N 
(v /v = 1:3) m i x t u re as b r o w n needle-shaped crystals. O n the other hand, addit ion o f 
Na(dbsq) to a p i n k so lu t ion o f 16 i n THF, gave 18 as green needle-shaped crystals. 
I l l 
IV.2.2 M o l e c u l a r Structures 
The molecular structures o f compounds 15 - 18 w i t h part o f the numbering 
scheme were depicted in Figures IV. 1-4. Selected bond lengths (A) and angles (deg) 
are l isted in Tables IV. 1 -4. 
Complex 15 crystallizes in a monocl in ic crystal system w i t h the space group 
P2\lc, wh i l e 16 crystall izes in a t r ic l in ic crystal system w i t h space group PL Bo th 
complexes have a distorted octahedral geometry w i t h the metal center being 
coordinated to three nitrogen atoms o f the Tpz'^®^ l igand, two oxygen atoms o f the 
acetate, and an oxygen atom o f the methanol molecule. Two o f the nitrogen atoms 
o f the TpzMe2 l igand and two oxygen atoms f r om the acetate fo rm an equatorial plane 
(angle sum = 359.26° for 15 and 359.36。for 16). 
The M - N i p z bond distances o f 15 (2.181(3)，2.214(2) and 2.228(2) A) are longer 
than those o f 16 (2.108(2), 2.108(4) and 2.130(6) A). This implies a stronger 
interact ion o f the Tpz'^^^ l igand w i t h the cobal t ( I I ) center than w i th the mangaiiese(II) 
center. The Co-Nipz bond distances o f 16 are sl ight ly longer than those o f 2.06 A 
(av.) i n [(TpzMe2)Co"N03].】ob This may be due to the stronger electron-withdrawing 
properties o f the nitrate l igand than the carboxylate anion, hence lower ing the electron 
density on the metal center. The two M-Oqac bond distances in 15 and 16 are not 
identical. Such asymmetric bonding may be a consequence o f incomplete 
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delocalization o f the electrons over the O - C - 0 linkage. A more pronounced 
distort ion from an ideal octahedral geometry for 15 than 16 was also observed 
(Ntpz-M-Omcoh angle = 164.77° for 15 and 178.86° for 16). 
Both complexes 17 and 18 have tr igonal bipyramidal geometry. 17 crystallizes 
in a monocl in ic crystal system w i th the space group c l whi le 18 has a tr ic l inic crystal 
system w i t h the space group PL The metal center was coordinated by three nitrogen 
atoms o f the Tpz^^^ l igand together w i t h two oxygen atoms from the catecholate 
l igand. Un l ike the starting materials 15 and 16, no coordinated solvent molecule 
was found in 17 and 18. The equatorial plane was defined by the two nitrogen atoms 
o f the TpzMe2 l i g如d and one oxygen atom o f the catecholate ligand, w i t h an angle 
sum o f 359.99。for 17 and 359.99。for 18. The N 3 - M n l - 0 2 and N 5 - C o l - 0 2 angles 
are 173.00° and 172.49° respectively. 
The Mn-NTpz bond lengths o f 17 (2.106(3), 2.134(4) and 2.152(4). A) are 
apparently shorter than those o f 15 (2.181(3), 2.214(2) and 2.228(2) A). The 
Mn-Ocat bond lengths (1.970(3) and 2.002(4) A) and C - 0 bond lengths (1.320(5) and 
1.325(5) A) in 17 are similar to those reported for other trivalent metal catecholato 
derivatives，’!」Hence 17 should be defined as an manganese(III) complexes 
coordinated w i t h a dianionic catecholate ligand. 
In constrast, the structural parameters o f 18 are closely assembly to the 
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[(TpzCum’Me)CoH(dbsq)] complex, wh ich supported by the more hindered Tpz。咖’m® 
ligand.7g -j^g Co-Ocat bond lengths of 18 (2.003(3) and 2.059(4) A) are comparable 
to those of [(TpzCum,Me)Con(dbsq)] (av. 2.01 A), but much longer than those reported 
for the Co(III)-catecholate complexes, [(ri^-C5(Me)5)Co"^cat]^^ (av. 1.84 人 ） a n d 
[(triphos)Com(cat)]7i (av. 1.86 A) . Meanwhi le, the C - 0 bond lengths i n 18 (1.294(4) 
and 1.276(4)人）are also shorter than those observed for other dianionic catecholate, 
wh ich fe l l w i t h i n the range o f semiquinonate complexes (1.26-1.30 A). The Co-Nipz 
bond lengths o f 18 (2.058(4), 2.045(5) and 2.149(4) A) are shorter than those o f its 
acetate counterpart 1 6，b u t sl ightly longer than those reported for the 
[(TpzMe3)Coi"(NCS)]+ (av. 1.96 A)]。。Hence complex 16 should be identif ied 
appropriately as a Co(II)-semiquinonate complex. 
* 
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F i g u r e IV. 1 Molecular Structure of [Mn^CTpz'^^'-XOAcXMeOH)] (15) 
Selected bond length [A] 
Mnl - N 1 2.228 (2) Mnl - 0 1 2.333 (3) 
M n l - N 3 2.181 (3) Mnl - 02 2.217(2) 
Mn l -N5 2.214(2) Mnl - 03 2.316(2) 
S e l e c t e d b o n d a n g l e [deg] 
N3-Mnl-N5 90.26 (9) NS-Mnl-Nl 163.57 (9) N l -Mn l -03 164.77(9) 
N3-Mnl -N l 82.65 (9) N5-Mnl-02 163.57 (9) N l -Mn l -O l 108.72 (9) 
N3-Mi i l -02 105.19(9) N5-Mnl-03 86.45 (9) 02-Mnl-03 89.18(9) 
N3-Mnl-03 85.57 (9) N5-Mnl-01 106.41 (8) 02-Mnl -01 57.40(8) 
N3-Mnl -01 160.45 (9) N l - M n l - 0 2 103.18(9) 03-Mnl -01 85.35 (9) 
T a b l e IV. 1 Selected Bond Distances (A) and Angles (deg) for 15 
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Figure IV.2 Molecular Structure of [Co"(Tpz^'^)(OAc)(MeOH)] (16) 
Selected bond length [A] 
Col - N 1 2.130(6) Col - 0 1 2.274(2) 
Col - N 3 2.108 (4) Col - 0 2 2.118(4) 
Col -N5 2.108 (2) Col - 0 3 2.139(6) 
Selected bond angle [deg] 
N3-Col-N5 89.65 (2) N5-CoI-NI 87.75 (2) Nl-CoI-03 178.86(2) 
N3-Col-Nl 87.00(2) N5-Col-02 104.11(2) Nl-CoI-01 97.22(2) 
N3-C01-O2 166.03 (2) N5-Co]-03 93.39 (2) 02-Col-03 83.92 (9) 
N3-Col-03 93.00(2) N5-Col-OI ]63.58 (2) 02-Col-0 1 59.42(2) 
N3-Col-0】 】06.】8(2) N1-Co 1-02 95.81(9) 03-CoI-01 81.69(2) 
Table IV.2 Selected Bond Distances (A) and Angles (deg) for 16 
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人 
Figure IV.3 Molecular Structure of [Mn'"(Tpz'^'^)(dbc)] (17) 
Selected bond length [A] 
Mnl - M l 2.106 (3) Mnl - 0 1 1.970 (3) 
Mnl -MS 2.134 (4) Mn l - 02 2.002(4) 
Mn l -N5 2.152(4) C 1 6 - 0 1 1.325 (5) 
C21 - 0 2 1.320(5) C16-C21 1.431 (6) 
Selected b o n d angle [deg] 
Nl -Mn l -N3 84.26 (13) N3-Mnl-01 95.83 (12) 
N l -Mn l -N5 91.68 (13) N3-Mnl-02 173.00 (13) 
N l - M n l - 0 1 152.10(13) N5-Mnl-01 116.21 (13) 
N l - M n l - 0 2 96.36(12) N5-Mnl-02 99.53 (13) 
N3-Mnl-N5 87.41 (12) 01-Mnl -02 80.32(12) 
Table IV.3 Selected Bond Distances (A) and Angles (deg) for 17 
% 
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Figure IV.4 Molecular Structure of [Co"(Tpz'^'^)(dbsq)] (18) 
Selected bond length [A] 
C o l - N l 2.058 (4) Col - 0 1 2.003 (3) 
Col -N3 2.045 (5) Col - 0 2 2.059 (4) 
Col -N5 2.149 (4) C16 - 01 1.294(4) 
C21 - 0 2 1.276(4) C16-C21 1.464(5) 
Selected bond angle [deg] 
Nl-Col -N3 93.20 (9) N3-Col-01 119.14(8) 
Nl -Col -N5 86.01 (9) N3-Col-02 99.78 (9) 
N l -Co l - 01 147.65 (9) N5-Col-01 95.23 (8) 
Ml-Co 1-02 95.59(9) N5-Col-02 172.49(9) 
N3-Col-N5 87.44(9) Ol -Col -02 79.49(8) 
Table IV.4 Selected Bond Distances (A) and Angles (deg) for 18 
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IV .2 .4 U V - V i s Spect roscopic a n d Reac t i v i t y Studies 
IV .2 .4 .1 O x y g e n a t i o n Reac t i v i t y o f the Manganese ( I I I ) -Ca techo la te Comp lex 17 
Oxygenat ion o f 17 i n methanol was moni tored by us ing U V / V i s spectroscopy as 
shown i n F igure TV.5 
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2 .5-
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F igure IV.5 Absorption spectra showing the progress of oxygenation of 17 (conc. 0.2 mM) in 
MeOH with 2-min intervals. 
Beside the intense absorpt ion peak at 307 nm, w h i c h corresponds to a 
catecholate t t- t t* t r a n s i t i o n ^ complex 17 shows an extremely board absorption band 
at 772 nm. U p o n oxygenat ion, the absorpt ion bands at 307 n m and 772 n m 
gradual ly disappeared and accompanied w i t h a bu i l d i ng up o f a new absorpt ion band 
at around 400 nm. A n isosbestic po in t was observed at 280 nm. 
The lower energy absorpt ion band at 772 n m has been reported as a characteristic 
119 
absorpt ion band for manganese-semiquinoate complexes.4〜f The [ (TPA)Mn"(dbsq) ] 
comp lex prepared by Funabik i et al. exhib i ted a strong absorption at around 750 nm.^^ 
However， a s imi lar absorpt ion band was not observed for the 
[ ( 6 - M e 3 - T P A ) M n " ( d b c H ) ] ^ complex reported by Que et a l ， A l t h o u g h the X- ray 
structure o f 17 was suggested as a Mi i ( I I I ) -catechola te complex, i t may also show a 
Mn( I I ) - semiqu inoa te character i n methanol to a certain extent. 
There were examples o f manganese complexes conta in ing two or more 
catecholate l igands w h i c h showed an absorpt ion peak near this region.4i」’k’i 
T h r o u g h o u t t h e s t u d y o n t h e v a l e n c e t a u t o m e r i s m o f m a n g a n e s e c o m p l e x e s , t he re w a s 
an in te rconver t ion equ i l i b r i um between the semiquinoate f o r m and the catecholate 
f o rm : 
Bu' Bu' Bu' 
( S f S f S 
B 姆 , ： 矿 一 力 ： 舞 B U — B , 尊 矿 
尸 N Bu' 严 N Bu' " N Bu' 
^ y 
Bu' Bu' Bu' 
【Mniv(Bupy)2(dbc)2l [NIn 丨"(Bupy)2(dbc}(dbsq)】 [Mn"丨(BupyhldbscOJ 
Scheme IV.3 Valence tautomerism observed for manganese catecholate complexes.'*'' 
The in ter -conver t ion shown i n Scheme IV.S was temperature dependent."^^ M o r e 
recently, D e i et al. reported that [Mn (CTH) (ca t ) ]+ exhib i ted a semiquinonato character, 
depending on the counter ion used i n the sol id state or the polar i ty o f the solvent used 
i n the so lu t ion state. I t was ment ioned that the [Mn(CTH) (ca t ) ]+ complex was stable 
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towards d ioxygen wh i l e the [VIn(CTH)(dbsq)] .+ f o r m reacted readi ly w i t h dioxygen."^^ 
However , detai ls o f the above oxygenat ion react ion was not further studied. 
Conce ivab ly , 17 may undergo equ i l i b r ium between the catecholate and 
semiquinoate f o r m in the solut ion state. The Mn( I I ) -semiqu inonate moiety as 
indicated f r o m broad absorpt ion at 772 n m should be in smal l extent wh i le most o f a l l 
should be presence as Mn( I I I ) - ca t species as indicated f r o m the strong 307 n m 
catecholate peak t t - t i* t ransi t ion. However , var iable temperature experiments have 
to be carr ied out i n order to support the above interpretat ion. 
N 已 N Bu' 
MtJ〈""N" Mn _ ) - 一 f^D〈_",Ni""". Mn。 
[TpzMe2Mn2+(dbsq)] [TpzMe2Mn3+(dbc)] 
Scheme IV.4 Possible valence tautomerism observed for manganese catecholate complexes.'*^ 
U p o n oxygenat ion, bo th absorpt ion peaks at 307 n m and 772 n m gradual ly 
disappeared, ind ica t ing the decompos i t ion o f the complex. The occurrence o f a new 
absorpt ion band at 400 run may be due to the presence o f oxygenat ion products. 
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IV.2.4.2 Oxygena t i on React iv i ty o f the Coba l t ( I I ) -Catecho la te Complex 18 
Simi lar changes o f the absorption spectrum o f 18 upon oxygenation were 
observed as sho"wn in Figure IV.6: 
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2 .5-
2 . 0 -
u < 
S1 \ 
0.0 " L j — , — I < I I ~ I — 1 
200 400 600 800 1000 
Wavelength (nm) 
Figure IV.6 Absorption spectra showing the progress of oxygenation of 18 (conc. 0.2 mM) in 
MeOH with 2-min intervals. 
The absorption spectrum o f 18 is similar to that o f 17 w i th the catecholate tt-tt* 
t ransi t ion at 308 run, and a broad absorption band at around 764 nm. A small 
shoulder peak was observed at 373 nm. U p o n oxygenation, a gradual disappearance 
o f the absorption max ima at 308 n m and 764 n m indicated the decomposition o f the 
complex. The occurrence o f a new peak at 400 n m may be attributed to the presence 
o f degradation products. 
Mos t o f the cobalt-catecholate complexes reported was inert towards dioxygen.^ 
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Some o f them were even prepared by aerial oxidation7^'° For example, the hindered 
[(TpzCum，Me)Co(dbsq)] complex prepared by Pierpont et al. was synthesized by 
reacting (€104)2 w i t h benzoquinone for 12 hours in a i r > The 
preparation o f [Co(CTH)(phencat) ] ' ' ( C T H denotes 5,7,7,12,14,14 
-hexamethyl- ,4,8,11 -tetraazacyclo-tetradecane; phencat denotes 9,10-dioxo 
phenanthrene) prepared by Renz et al. also invo lved aerial oxidation.^® Hence, 18 is 
a rare example o f cobalt( I I ) catecholate complex that react readily w i t h dioxygen. 
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rV.2.5 Iden t i f i ca t ion of Degradat ion Products 
17 and 18 reac ted wi th d ioxygen in m e t h a n o l to yield oxidative cleavage 
p roduc t s . Resu l t s of our s tudies we re summar i zed as b e l o w and compared wi th their 
i ron(III) ana logues . 
Retention Product distribution ratio (%) 
Degradation products — — — — 
TimeOmn) 2 7 10 17 18 
Bu' 
(a) 点 。 ” ： r r 13.34 33 23 35 16 6 
extradiol- Bu 
cleavage 
(b) r ^ O 4,6-Di.,er/-butyl ！ � 別 , 8 23 42 9 11 
I -2-pyrone 
o 3，5-DWer/-butyl-l 
(0 f ^ o h = 14.73 16 6 14 / 73 
\、〇 -2,7d)one 
V v -
� intradiol- ^ ^ ^ 19.78 23 I I / I 
cleavage Bu' 
Bijf P 2-Furan acetic 
(e) /OCH3 ac^ d么4-d广"-but ^^ / / 8 75 10 
Bu' ^ o -oxo-methyl ester 
auto- O ^ 3，5-di-rer卜butyl ^^ / 4I / / / 
oxidation 丨 -quinone 
Bu' 
unreacted HO.,^^^ 3,5-di-rert-butyl ^^ ^^ ! 了 / / / 
catechol T |1 -catechol • 
"Reaction took 12 hours in CHjCl： for 2,7 and 10 and in methanol for 15 with the concentration for c.a. 2 mM 
*Asolution ofAgBF4 was added to a solution of? in CHiCh 
Table IV. 5 Products identified upon oxygenation of catecholate complexes 2，7,10,17 and 18. 
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Oxygena t ion o f 17 and 18 i n methanol produced main ly i7?rra<izo/-cleavage 
product ( tota l 75% for 17 and 83% for 18). A substantial amount o f 
extradiol-Q\Q?iwdigt products were also ident i f ied i n the product mix ture (25% for 17 
and 17% for 18). For complex 17, c o m p o u n d (e) was isolated as the only 
mrraJzoZ-cleavage product , w h i c h or ig inated f r o m the react ion o f mucon ic anhydride 
(c) w i t h methanol . O n the other hand, bo th anhydride (c) and (e) were isolated as 
intradiol-c\tdi\dLgQ products fo r 18. Scheme rV.3 summarized the possible oxidat ive 
cleavage pathway for ⑷ - ( e ) . 
n B u 、一 Bu' Buf 
二 y v . fV f^ o 
, ^ X BU 从 
O ^ 02 (b-) (a) (b) 
( T p z ) ， 。 ； ^ " ^ 
Bu\ o Bu' D f P 
intradiol 1 Bu^^^ 
-cleavage • 广 飞 。 M e O H • 广C O O H ^ \ o OCH3 
(c) (e') (e) 
Scheme IV. 3 Schematic representation of the oxidative cleavage pathway of (a) 一 (e). 
Manganese or cobalt catecholate complexes showing oxidative-cleavage 
propert ies are rare. Recent ly, manganese catecholate complexes supported by a 
tetradentate l igand have been reported that exh ib i t catechol oxidase activit ies, y ie ld ing 
benzoquinone ( f ) as the ma jo r product.4d，e’g D e i et al. have also shown that the 
[ M n ( C T H ) ( c a t ) ] + complex reacted readi ly w i t h d ioxygen, leading to oxidat ive 
cleavage o f the catecholate ligand."*® The latter complex was inert i n polar solvents 
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such as D M S O , but reacted readily i n methanol to produce 60% of benzoquinone and 
40% o f exrra<iza/-cleavage products. For our current complexes 17 and 18, no 
benzoquinone or im-reacted catechol was isolated from the product mixture. I t is 
bel ieved that the tridentate Tpz^^ ' l igand enhanced the reactivity o f the corresponding 
complexes, as compared to the tetradentate ligands employed by De i et al."^^ However, 
both 17 and 18 showed a h igh preference towards the intradiol-oXtdiVdigQ pathway, 
wh i ch was quite dif ferent f r om their iron-counterpart. 
IV.3 S u m m a r y 
I n conclusion, mononuclear manganese and cobalt catecholate complexes have 
been successfully synthesized and structurally characterized. Their reactivity 
towards d ioxygen have been studied. Both 17 and 18 gave mainly 
inrra^f/oZ-cleavage properties upon oxygenation. 
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IV.4 Exper imen ta l fo r Chapter I V 
IV.4.1 Mater ia ls 
Hydrated manganese(II) acetate (Fisher) and cobalt(II) acetate (Riedel-de Haen), 
3,5-dimethylpyrazole (Acros)，sodium borohydride (Aldr ich), 3,5-di-rerr-butyl 
-quinone (Acros) were used as received. 3,5-Di-tert-butylcatechol (Acros), was 
re-crystallized f rom hexane. was synthesized according to published 
procedure. 13 
IV.4.2 Synthesis of Complexes 
[ M i i " ( T p z , ( O A c ) I (15) 
To a colourless solution o f Mn"(0Ac)2-6H20 (0.50 g, 2.0 mmol ) in methanol (10 
ml ) was added a solution ofNa(Tpz^®^) (0.64 g, 2.0 mmol) in the same solvent (10 ml ) 
at - 7 8 The reaction mixture was stirred at room temperature for 4 hours, filtered, 
and concentrated to y ie ld the desired product as colourless crystals. Yield: 0.54g 
(65%). M .P.: 391-392。C (dec). H R M S (L-SIMS) for [M]+m/z: calcd. 411.1507, 
found 411.1510. Anal. Calcd. for MnCipHssNsBO*: C, 48.03; H, 6.95; N , 17.68%. 
Found: C, 47.95; H, 6.95; N , 18.09%. 
[CoH(TpzMe2)(OAc)】(16) 
To a p ink solution o f Co(OAc)2'6H20 (0.50 g, 2.0 mmol ) in methanol (10 ml ) 
was added a solution o f Na(TpzMe2) (0.64 g，2.0 mmol) in the same solvent (10 ml ) 
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at - 7 8 The reaction mixture was stirred at room temperature for 4 hours, f i l tered, 
and concentrated to y ie ld the desired product as p ink b lock- l ike crystals. Y ie ld: 
0.41g (55%). M .P. : >399 "C. H R M S ( L - S M S ) for [ M ] + m / z : calcd. 415.1459, 
found 415.1457. Ana l . Calcd. for C0C18H29N6BO3： C, 48.34; H，6.54; N , 18.79%. 
Found: C，47.68; H , 6.91; N , 18.39%. 
[MnUi(TpzMe2)(dbc)] (17) 
To a colourless solut ion o f 15 (0.42 g, 1 mmol ) in T H F was added dropwise to a 
blue solut ion o f Na(dbsq) (0.13 g，1 mmol ) in the same solvent at room temperature. 
The react ion mix ture was stirred for 4 hours and the result ing deep b r o w n solut ion 
9 
was f i l tered. A l l the volati les were removed in vacuo and the residue was 
re-dissolved in a m i n i m u m amount o f acetonitrile. Dark b r o w n needle-shape 
crystals were obtained upon standing the solution at room temperature for 2 days. 
Y ie ld : 0.22 g (60%), M.p . : 240-241 "C, M S ( L - S M S ) : m/z(%): 572 (73) [M]+，477 
(27) [M-pzMc2]+，353 (100) [M-dbc]+. Anal . Calcd. for 17: MnC29H42N6B02： C， 
60.85; H，7 .39 ; N，14 .68%. Found: C，60.80; H , 7.59; N，15 .79%. (Correct 
elemental analysis data for this compound could not be obtained in this work . ) 
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[Coi i(TpzMe2)(dbsq)】(18) 
To a colourless solut ion o f 14 (0.42 g，1 mmo l ) i n T H F was added dropwise w i t h 
the deep b lue solut ion o f Na(dbsq) (0.13 g，1 m m o l ) in the same solvent at room 
temperature. The reaction mix ture was stirred for 4 hours and the resul t ing d i r ty 
b lue so lu t ion was f i l tered. The solut ion was reduced to a quarter o f the in i t ia l 
vo lume and then added an equal amount o f acetonitri le. The vo lume o f the mix ture 
was then further reduced to ha l f w i t h green needle shape crystal obtained after 
standing the solut ion at room temperature for 2 days. Y ie ld : 0.22 g，(60%). M p : 
240-241。C . M S ( L - S M S ) : m/z(%): 576 (100) [M]+，481 (43) [ M - H p z M ’ . ’ 355 
(68) [M-dbc ]+ . Ana l . Calcd. for C0C31H45N7BO2： C, 60.30; H，7 . 3 5 ; N，15.88%. 
Found: C,59.92; H,7.58; N , 14.46%. (Correct elemental analysis data for this 
compound cou ld not be obtained i n this work . ) 
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Append ix I 
A . I . I Genera l Procedure 
A l l reactions and manipulations were carried out either under a puri f ied nitrogen 
atmosphere using modi f ied Schlenk techniques or in a Braun M B 150-M dry-box. 
A l l solvents were dried and disti l led using standard methods under nitrogen before 
used. Tetrahydrofuran and diethyl ether were disti l led f rom sodium benzophenone 
ketyl . Acetoni t r i le and dichloromethane were disti l led from calcium hydride. 
Hexane and toluene were disti l led from potassium/sodium alloy. Methanol was 
dist i l led f rom magnesium methoxide. Solvents were degassed two times either by 
freeze-thaw cycles or purging w i t h nitrogen for 30 minutes before use. 
A l l reagents, unless otherwise indicated, were o f analytical grade and used 
wi thout further puri f icat ion. Tetrabutylammonium hexafluorophosphate was 
re-crystall ized f rom ethanol and dried at 80 °C under vacuum for 12 hours before use. 
A . I . 2 Physical Charac te r i za t ion 
' H and 13c N M R spectra were recorded on a Bruker DPX-300 spectrometer at 
300.13 M H z and 75.47 M H z , respectively. A l l spectra were recorded in CDCI3. 
The chemical shifts were referenced to residue solvent proton peaks for CDCI3 at 7.26 
ppm in i j i N M R , wh i le 128.06 ppm in ^^C N M R . Melt ing-points were recorded on 
136 
an Electro-thermal melt ing-point apparatus and were uncorrected. FAB mass 
spectral data were recorded on a Thermo Finnigan M A T 95 X L Mass Spectrometer 
(posit ive L - S I M S , nitrobenzyl alcohol as matrix). Elemental analyses (C，H and N ) 
were performed by the Shanghai Institute o f Organic Chemistry. UV-v is ib le spectra 
were recorded on a Hewlett-Packard 8452 diode-array spectrophotometer w i t h stirring. 
Analysis o f the reaction products was performed using a Hewlet t Packard GC(HP 
6890)- MS(HP5973) analyzer equipped w i th a HP-5MS (5% phenyl methyl siloxane) 
column. Cycl ic voltammograms were recorded on a B A S CV-50W voltammetric 
analyzer. A l l samples were measured in an electrochemical cel l wh ich consisted o f a 
p la t inum-fo i l work ing electrode, a plat inum bal l counter electrode, and a si lver-wire 
reference electrode. Measurements were carried out i n dichloromethane or 
acetonitri le solutions w i th 0.10 M tetrabutylammonium hexafluorophosphate as the 
supporting electrolyte and internally referenced to the ferrocenium/ferrocene redox 
couple. 
Single-crystals o f compounds suitable for X-ray structural determination were 
mounted in glass capillaries and sealed under nitrogen. Data were collected on a 
Rigaku R A X I S - I I C or Brucker S M A R T C C D dif iractometer using 
graphite-monochromatized M o - K a radiation (k = 0.71073 A) . The structures were 
solved by direct phase determination using the computer program SHELX-97 and 
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refined b y full-matrix least squares with anisotropic thermal parameters for the 
non-hydrogen atoms.* Hydrogen atoms were introduced in their idealized positions 
and included in structure factor calculations with assigned isotropic temperature 
factors. 
* G. M. Sheldrick, SHELX-97, Package for Crystal Stmcture Solution and 
Refinement, Universi ty of Gottingen, Germany, 1997. 
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Append i x I I 
A . I I . l Selected Crys ta l lograph ic Data : 
Table A - 1 Selected crystallographic data for complexes 1 and 2 
Table A - 2 Selected crystallographic data for complexes 4 and 5 
Table A-3 Selected crystallographic data for complexes 7 and 9 
Table A - 4 Selected crystallographic data for complexes 14 and 15 
Table A -5 Selected crystallographic data for complexes 16 and 17 
Table A - 6 Selected crystallographic data for complexes 18 
A . I I . 2 I H and ^^C N M R Spectra: 
Figure A.2.1 N M R spectrum o f degradation product (a) 
Figure A.2.2 】H N M R spectrum o f degradation product (b) 
Figure A.2.3 ! H N M R spectrum o f degradation product (c) 
Figure A.2.4 ^H N M R spectrum o f degradation product (d) 
Figure A.2.5 ^^C N M R spectrum o f degradation product (d) 
Figure A.2.6 ^H N M R spectrum o f degradation product (e) 
A . I I . 3 C h r o m a t o g r a m and Mass spectra ( E I and C I ) f r o m G C M S analysis: 
Figure A.3.1 Gas chromatogram o f oxygenation products from 2 
Figure A.3.2 Gas chromatogram o f oxygenation products f rom 7 
Figure A.3.3 Gas chromatogram o f oxygenation products f rom 10 
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Figure A.3.4 Gas chromatogram o f oxygenation products f rom 17 
Figure A.3.5 Gas chromatogram o f oxygenation products f rom 18 
Figure A.3.6 Gas chromatogram and mass spectra o f puri f ied (a) 
Figure A.3.7 Gas chromatogram and mass spectra o f pur i f ied (b) 
Figure A.3.8 Gas chromatogram and mass spectra o f pur i f ied (c) 
Figure A.3.9 Gas chromatogram and mass spectra o f pur i f ied (d) 
Figure A.3.10 Gas chromatogram and mass spectra o f pur i f ied (e) 
Figure A.3.11 Gas chromatogram and mass spectra o f dbc 
Figure A.3.12 Gas chromatogram and mass spectra o f dbq 
A . I I . 4 Mass Spectra: 
Figure A.4.1 H R M S (L -S IMS) for 2 
Figure A.4.2 H R M S (L -S IMS) for 3 
Figure A.4.3 H R M S (L -S IMS) for 5 
Figure A.4.4 H R M S (L -S IMS) for (d) 
Figure A.4.5 MS (L -S IMS) for 6 
Figure A.4.6 MS (L -S IMS) for 14 
Figure A.4.7 M S (L -S IMS) for 15 
Figure A.4.8 M S (L -S IMS) for 16 
Figure A.4.9 M S (L -S IMS) for 17 
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I 
— 1 2 
Empir ical Formula C20.50 H30 B CI3 Fe Ng C34 H50 B Fe Ng O, 
F o r m u l a Weigh t 561.54 669.48 
Crystal Size (mm) 0.438 x 0.376 x 0.312 0.50 x 0.30 x 0.20 
Crystal System Triclinic Monoclinic 
Space Group F\ P2^ /n 
a { k ) 10.749 (2) 10.5366(16) 
h (A) 11.590 (3) 18.754 (3) 
C (A) 24.453 (5) 19.464 (3) 
a C) 95.236 (7) 90 
P (。) 90.026(5) 105.684(3) 
y 117.434(4) 90 
Volume (A^) 2689.2 (11) 3703.0 (10) 
Z 4 4 
Dens i ty (g/cm^) 1-387 1.201 
Abso rp t ion Coef f ic ien t (mm'^) 0.884 0.447 
F(OOO) 1164 1428 
Tempera tu re (K) 293 (2) 293 (2) 
e R a n g e (°) 1.67-25.00 1.54-28.00 
Ref lec t ions Measu red 14698 24592 
Independen t Ref lec t ions 9429 (R,„, = 0.0467) 8902 (Ri„, = 0.0428) 
Goodness -o f - f i t 0.909 1.036 
Final R Indices (obs.) R1 = 0.0643, wR2 = 0.1572 R1 = 0.0534，wR2 = 0.1447 
R Indices (all) R1 = 0.1200, wR2 = 0.1819 R1 = 0.0996, wR2 = 0.1762 
R = i : | F o | - l F j / l | F o i . Rw = [Sw( 1 Fo 1 - 1 F J | Fo | w = 4FoV(Fo'). 
Table A-5 . Selected crystallographic data for complexes 15 and 16 
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3 4 
Empir ical Formula C24 H38 B Fe Ne O5 C22 H29 B Cl Fe Ng O3 •2CH3OH 
F o r m u l a Weigh t 557.26 521.61 
Crystal Size (mm) 0.12x0.14x0.16 0.50x 0.30x0.20 
Crystal System Monoclinic Monoclinic 
Space Group P2i n Pl�/n 
a (A) 11.678 (2) 11.7434 (13) 
h (A) 19.138 (4) 19.463 (2) 
C ( A ) 13.217 (2) 13.2620 (15) 
a C) 90 90 
p ( � ) 102.645(18) 102.381 (2) 
y 90 90 (4) 
V o l u m e (A^) 2882.3(9) 2960.7(6) 
Z 4 4 
Dens i ty (g/cm^) 1-284 1.327 
Absorp t ion Coeff ic ien t ( m m ' ' ) 0.566 0.642 
F(OOO) 1180 1244 
Tempera tu re (K) 293 293 (2) 
e Range n 2.8 -28.0 1.89 -28.05 
Ref lec t ions Measured 18030 19934 
Independent Reflections 6916 (Ri„t = 0.019) 7143 (Ri„, = 0.0400) 
Goodness -of - f i t 1.032 1.014 
Final R Indices (obs.) R1 =0.0400，wR2 =0.1245 Rl = 0.0509, wR2 = 0.1278 
R Indices (all) Rl = 0.0551’ wR2 = 0.1245 Rl = 0.0899, wR2 = 0.1523 
R = S I Fo 丨 - I F J /S I Fo I • Rw=[ lw( | F。卜丨 F。| | F。| '严,w = AFoVoW). 
Table A-5. Selected crystallographic data for complexes 15 and 16 
143 
一 5 7 
Empir ical Fo rmula C26 H30 B CI4 Fe Ng O2. CH3CN C30 H42 CI Fe Ne Or 2CH3CN 
F o r m u l a Weigh t 695.04 609.99 
Crystal Size (mm) 0.30x0.20x0.10 0.40 x 0.30 x 0.20 
Crystal System Triclinic Monoclinic 
Space Group /T 
a (A) 10.5894(16) 16.624 (3) 
b { k ) 12.413 (2) 14.262 (3) 
C (A) 14.468 (2) 16.805 (3) 
a 101.966 (3) 90 
P ( � ) 102.985 (4) 107.584 (4) 
y 105.007(4) 90 
Volume (A^) 1717.3 (5) 3798.1 (13) 
Z 2 4 
Density (g/cm^) 1-424 1.210 
Absorp t ion Coeff ic ient (mm-i) 0.791 0.507 , 
F(OOO) 758 1468 
Tempera tu re (K) 293 (2) 293 (2) 
e R a n g e (。） 1.51 - 28.05 1.51 - 28.32 
Ref lec t ions Measured 11759 25768 
Independent Ref lec t ions 8145 (Ri„, = 0.0381) 9425 (R,„, = 0.1096) 
Goodness -o f - f i t 0.854 0.988 
Final R Indices (obs.) R1 = 0.0549, wR2 = 0.1155 R1 = 0.0681, wR2 = 0.1669 
R Indices (all) R1 = 0.1305, wR2 = 0.1362 R1 = 0.2201, wR2 = 0.2502 
R = 5： I Fo I - I Fe I / I I Fo i . Rw = [ lw( I Fo I - I F J | F。| w = 4FoV(Fo'). 
Table A-5. Selected crystallographic data for complexes 15 and 16 
144 
一 9 14 
Empir ical Formula C22 H22 CI5 Fe Ng O2 C28 H31 CI4 Fe N9 O2 
F o r m u l a Weigh t 635.56 723.27 
Crysta l Size (mm) 0.40 x 0.30 x 0.20 0.50 x 0.40 x 0.20 
Crystal System Triclinic Monoclinic 
Space Group F\ P ^ A 
a {A) 10.1552(19) 11.2889 (12) 
b (A) 10.1717(19) 24.049 (3) 
C ( A ) 13.471 (3) 12.9547(14) 
a (°) 75.724 (4) 90 
P 81.435 (4) 103.100 (2) 
y (°) 78.075 (3) 90 
Volume (A^) 1312.3 (4) 3425.6 (6) 
Z 2 , 4 
Dens i ty (g/cm^) 1-608 1.402 
Absorp t ion Coeff ic ient (讓-丨）1.117 0.792 
F(OOO) 646 1488 
Tempera tu re (K) 293 (2) 293 (2) 
e R a n g e (°) 1.57 - 25.00 1.69 - 28.00 
Ref lec t ions Measured 7169 ‘ 23034 
Independen t Ref lec t ions 4590 (R^, = 0.1685) 8220 = 0.0353) 
Goodness -o f - f i t 1.033 1.016 
Final R Indices (obs.) R1 = 0.0658, wR2 = 0.1767 R1 = 0.0493，wR2 = 0.1332 
R Indices (all) R1 = 0.0783，wR2 = 0.1904 R1 = 0.0864，wR2 = 0.1589 
R = I I Fo I - I Fe 1 / I 1 Fo I . Rw = [ lw( I F。I - I F。I | F。I w = 4FoV(Fo'). 
Table A-5. Selected crystallographic data for complexes 15 and 16 
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一 15 16 
Empir ical Formula C19 H33 B Mn N5 O4 C,8 H29 B Co Ne CV CH3OH 
Formula Weight 475.26 447.21 
Crystal Size (mm) 0.40 x 0.39 x 0.26 0.50 x 0.30 x 0.20 
Crystal System Monoclinic Triclinic 
Space Group 户 P i 
a (A) 16.0727(10) 10.142 (2) 
b(A) 8.0231 (5) 11.432 (2) 
c ( A ) 19.3627(12) 12.038 (2) 
a(。) 90 113.46 (3) 、 
104.0360 (10) 101.55 (3) 
y(o) 90 99.22 (3) 
Volume (A3) 2422.3 (3) 1208.8 (4) 
Z 4 2 
Dens i ty (g/cm^) " 0 3 1.317 
Absorp t ion Coeff ic ien t (mm'^) 0.580 0.745 
F(OOO) 1004 506 
Tempera tu re (K) 293 (2) 293 (2) 
e R a n g e (。） 1.31 - 28.01 2.02 - 25.00 
Ref lec t ions Measured 15908 4512 
Independent Ref lec t ions 5834 (Ri„, = 0.0614) 4279 (R,„t = 0.0421) 
Goodness -o f - f i t 0.898 1.043 
Final R Indices (obs.) R1 = 0.0473’ wR2 = 0.1147 R1 = 0.0573, wR2 = 0.1489 
R Indices (all) R1 = 0.1064，wR2 = 0.1330 R1 = 0.1273, wR2 = 0.1763 
R = l | F o | - | F e | / S | F o | . Rw=[i;w( 1 Fo I - I Fc I ) ' / Iw | F。丨 2 严’ w = A F o ' / o ^ . 
Table A-5. Selected crystallographic data for complexes 15 and 16 
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17 18 
Empirical Formula C29 H42 B MnNgOs C29 H42 B Co Ng Oo. CH3CN 
Formula Weight 572.44 617.48 
Crystal Size (mm) 0.50 x 0.40 x 0.20 0.50 x 0.40 x 0.30 
Crystal System Monodinic Tridinic 
Space Group C2 Pi 
a (A) 18.958 (3) 7.8718 (11) 
b (A) 7.9041 (14) 10.1453 (14) 
C ( A ) 20.371 (4) 22.581 (3) 
a (°) 90 83.932 (3) 
P 90.888 (4) 87.503 (3) 
y 90 68.414(3) 
Volume (A^) 3052.1 (9) 1667.5 (4) 
Z 4 2 
Density (g/cm^) 1.246 1.230 
Absorption Coefficient (mm"^) 0.468 0.552 
F(OOO) 1216 656 
Temperature (K) 293 (2) 293 (2) 
e Range (°) 1.00-25.00 0.91 -25.00 
Reflections Measured 8263 9088 
Independent Reflections .5115 (Ri„t = 0.0284) 5841 (Ri„, = 0.0295) 
Goodness-of-fi t 1.097 1.088 
Final R Indices (obs.) R1 = 0.0444, wR2 = 0.1094 R1 = 0.0462, wR2 = 0.1293 
R Indices (all) R1 = 0.0621, wR2 = 0.1267 R1 =0.0614, wR2 = 0.1446 
R = I： I F。卜 I F j /D 丨 F。I . Rw=[Sw( I Fo I - I F, 1 )-/Ew | F。| w = 4FoV(Fo-). 
Table A-5 . Selected crystallographic data for complexes 15 and 16 
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Figure A.3 .6 Gas chromatogram and Mass spectra o f pur i f ied (a) 
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Figure A .3 .7 Gas chromatogram and Mass spectra o f pur i f ied (b) 
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Figure A.3.8 Gas chromatogram and Mass spectra o f pur i f ied (c) 
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Figure A.3.10 Gas chromatogram and Mass spectra o f pur i f ied (e) 
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